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The availability and movement of water inside the food materials play essential roles for food 
stability by affecting their physical and chemical properties, and microbiological activity. 
Understanding the moisture transport is a necessary step to control food properties. Food 
processing unit operations, like drying and sorption, influence the behavior of foods. These 
processes alter many aspects of foods such as acceptability, nutritional value, quality, and shelf-
life. Understanding the water transport in foods and the changes occurring in functional properties 
has a great importance in describing and modeling their sorption and drying behavior. Due to 
complexity and dynamic nature of the drying and sorption processes, purely experimental methods 
are not capable of obtaining information on transport mechanisms. In other words, experimental 
methods can only be used to express one process condition. Therefore, there is a need for a general 
modeling approach to express the sorption and drying processes, which would allow predicting 
not only the water transport but also the quality attributes of the product during the process as a 
function of process conditions. Primary mechanisms occurring during water transport such as 
moisture sorption, swelling/shrinkage, and glass transition were incorporated using hybrid mixture 
theory (HMT)-based multiscale modeling approach (Chapter 2).  
It is important to understand the viscoelastic properties of cereals since they affect product texture 
as a result of moisture transport. The stress relaxation behavior of oat flakes is presented in Chapter 
3. The linear viscoelastic region of oat flakes was found to be below 2% strain levels. The 
relaxation behavior was highly dependent on moisture content. The viscoelastic behavior of oat 
flakes was represented with two-element generalized Maxwell model. A decreasing trend was 
observed in stress relaxation coefficients, !", !# and !$, as moisture level increased due to changes 
in oat structure such as alterations in secondary structure of proteins, gelatinization mechanism of 
starch molecules, and water holding capacity of fibers.  
The effect of drying conditions on physical and viscoelastic properties of strawberries and carrots, 
as representative products for fruits and vegetables, was investigated (Chapters 4 and 6, 
respectively). For both samples, drying followed falling rate period, denoting that the water 
transport was limited by internal resistances, especially due to shrinkage effect during drying 
process. An increase in either drying temperature or drying duration resulted in lower color values, 
moisture content, and volumes. However, the effect of duration compared to temperature was 
found to be more important for carrots. The decreasing trend in color parameters can be associated 
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to degradation of carotenoids and anthocyanins, which are responsible from the major color 
reflection of carrots and strawberries, respectively. The creep and stress relaxation behavior of 
both samples are expressed using Burger’s (R2 ≥ 0.971) and three-element Maxwell models (R2 ≥ 
0.998). The frequency sweep measurements showed that both carrots and strawberries presented 
solid-like behavior. The findings from these experimental studies were used to solve a multiscale 
model to estimate the moisture and stress distribution throughout the sample during drying, and to 
estimate the quality attributes.  
The hybrid mixture theory-based multiscale models are able to describe the physico-chemical 
changes and general transport mechanisms occurring within a porous food matrix. This theory can 
also be used to predict the quality changes in food products during processing by coupling transport 
equations with kinetic equations. A multiscale model using hybrid mixture theory was solved for 
drying of carrots and strawberries (Chapters 5 and 7). The models for carrots and strawberries were 
validated comparing the experimental results obtained in Chapters 4 and 6. Good agreements were 
obtained for moisture content, color parameters, and shrinkage. The model results clearly showed 
the importance of glass transition in water transport. For both samples, the drying in the vicinity 
of glass transition regime resulted in sharper moisture profiles, indicating non-Fickian transport. 
Especially the boundaries due to lower moisture content in these regions underwent glass transition 
during the drying process, which affected the textural properties. Similar to experimental results, 
it was found that higher drying temperature led to greater shrinkage and deformation throughout 
the samples, and a greater loss in color values and nutrient content, beta-carotene for carrots and 
ascorbic acid for strawberries. The developed model for drying of fruits and vegetables would 
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During moisture transport processes such as sorption and drying, complex mechanisms like 
capillary flow, diffusion, Darcy flow, solute transport, and convective-diffusive heat flow take 
place within the food structure (Gamboa-Santos, Montilla, Carcel, Villamiel, & Garcia-Perez, 
2014; Ghirisan & Dragan, 2013; Medina-Torres, Gallegos-Infante, Gonzalez-Laredo, & Rocha-
Guman, 2008). These mechanisms affect the moisture and temperature distribution throughout the 
sample, which have effects on quality and functional properties of the final product. In this study, 
the moisture transport during sorption and drying processes were investigated on selected foods.  
Food stability is generally expressed with sorption and desorption mechanisms defined with the 
relationship between water activity and equilibrium moisture content (McLaughlin & Magee, 
1998). The degree of water transport and the availability of water inside a food material are directly 
related to quality of the product since they influence the physical properties such as hardness, 
crispiness, and texture (McMinn, McKee, Ronald, & Magee, 2007), chemical properties such as 
enzyme activity and binding sites, and microbial growth potential (McLaughlin & Magee, 1998). 
Therefore, the sorption behavior of many foods have been investigated to enhance the quality of 
the products (Ertugay & Certel, 2000; Samapundo et al., 2007). Semi-empirical and mechanistic 
models can be used to describe the sorption characteristics, hygroscopic properties of food 
constituents, and the interaction between biopolymers and water. 
Drying is a commonly used unit operation as it helps to minimize microbial activity, prevents 
biochemical, chemical, and physical deterioration; and decreases the costs of transportation, 
storage, and processing (Cao, Zhang, Qian, & Mujumdar, 2017; Xiao, Gao, Lin, & Yang, 2010). 
Some drying methods such as fluidized bed drying, microwave drying, and freeze drying have 
gained importance in the food industry recently since they may provide desired quality attributes 
in the finished product (Link, Tribuzi, & Laurindo, 2017). Nevertheless, hot air drying is still very 
popular for drying of fruits and vegetables since it is a simple and economical technique. However, 
high temperature and the consequently quick moisture loss cause undesirable changes in structure, 
nutritional attributes, and quality attributes. Adverse effects of heated air drying include 
undesirable changes in color and taste, loss of flavor compounds, severe damage to nutrients, low 
rehydration capacity, and structural problems like distortion in shape due to shrinkage and case 
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hardening (de Bruijn & Borquez, 2014; Tello-Ireland, Lemus-Mondaca, Vega-Galvez, Lopez, & 
Di Scala, 2011; Zielinska & Markowski, 2007).  
Proposed models in the literature have primarily used Fickian type diffusion to describe the water 
transport in biopolymers. These models fail to include the effect of glass transition and relaxation 
of the structure during adsorption/desorption on water transport. The state of a food (glassy, glass 
transition, and rubbery) impacts the exchange of thermodynamic quantities, and consequently the 
moisture transport mechanism in addition to process parameters and structure of a food (Takhar, 
2008). The viscoelastic relaxation of polymers also plays a significant role to affect diffusion by 
posing resistance against transport of fluids. It is critical to understand the effect of the state of a 
food and the contribution of relaxation to describe and model the sorption and drying behavior of 
foods. Therefore, in this study, hybrid mixture theory (HMT)-based multiscale model was solved 
to study the general transport mechanisms and physical changes in porous materials (Singh, 
Cushman, & Maier, 2003a) was employed. In this theory, the microscale and mesoscale equations 
can be used to obtain macroscale equations as described by Bennethum and Cushman (1996) and 
Singh et al. (2003b). This theory allows incorporating the effect of viscoelastic relaxation on fluid 
transport by upscaling the field equations from micro to macroscale. The advantage of this 
approach in comparison to techniques such as homogenization and volume averaging in the sense 
of Whitaker is the ability of using material properties measured using macroscale experiments, 
which are easier to conduct (Takhar, 2014). The HMT-based non-Fickian transport model can be 
coupled to estimate the quality attributes such as color, nutrient content, and stress distribution.  
1.1 SPECIFIC OBJECTIVES 
The long-term goal of this study was to develop a framework to elucidate the sorption/drying 
processes of cereals, vegetables, and fruits using numerical solution of hybrid mixture theory 
(HMT)-based multi-scale fluid transport equations, which combine the experimental data with 
modeling approaches. In order to achieve the long-term goal of this study, the specific objectives 
were: 
(1) To describe the transport mechanisms and primary mechanistic during processes such as 
sorption, drying and cooking, and depict an integrated view of these processes from theoretical, 
experimental, analytical, and mathematical aspects. 
(2) To determine the relaxation and viscoelastic properties of oats during sorption and represent 
relaxation behavior by empirical models. 
3 
 
(3) To investigate the physical and mechanical properties of strawberries during drying. 
(4) To solve a hybrid mixture theory-based multiscale model describing water transport and 
shrinkage effect during the drying process. 
(5) To analyze the physical and mechanical properties of carrots during drying. 
(6) To use the developed multiscale model to estimate the moisture and stress distribution, and the 
changes in quality attributes in carrots during drying. 
1.2 RATIONALE AND SIGNIFICANCE 
Pre-cooked and dried foods are convenient and ease the meal preparation for consumers. 
Especially, since drying process is capable of preventing microbial growth and extending shelf-
life, the dried foods can be stored for a long time. However, the application of these processes 
regarding process conditions is important to obtain the products with required properties such as 
very low final moisture content for drying, better textural properties after sorption or final quality 
attributes for both processes. Since there are complex mechanisms occurring during these 
processes as discussed in the introduction part, it is almost impossible to conduct an experiment 
for every condition. Therefore, the demand for modeling of the sorption and drying process has 
increased in recent decades to fill the gaps of the limitation from experimental methods. Although 
considerable amount of studies has been conducted on water transport, many of them only consider 
Fick’s law. However, water transport is also affected by viscoelastic properties of the material 
especially if they go through the glass transition. Therefore, there is a need to develop multiscale 
models for sorption and drying process, which would allow predicting not only the water transport 
but also the quality attributes of the product after the process.  
A model that uses multiscale fluid transport equations would allow determining the optimum 
processing conditions to obtain improved product quality and prolongation of the shelf-life for 
food products by better preservation, higher nutrient retention, and optimum storage conditions. 
These improvements would also help to reduce the food waste at the factories and in homes. In 
addition to these, finding optimum processing conditions would lead to a reduction in energy 
consumption and operational costs in the plants by the adaptation of simulation results to 
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LITERATURE REVIEW: EXPERIMENTAL AND MATHEMATICAL ASPECTS* 
2.1 ABSTRACT 
Background: The availability and movement of water inside the food materials play essential 
roles for food stability by affecting their physical and chemical properties, and microbiological 
activity. Understanding the moisture sorption behavior is a necessary step to control food 
properties. Food processing unit operations like drying and sorption influence the behavior of 
foods since such systems trigger swelling or shrinkage as a result of moisture sorption or 
desorption mechanisms. Also, these processes alter many aspects of foods such as acceptability, 
nutritional value, quality, and shelf-life. 
Scope and approach: Therefore, understanding the water transport in foods and the changes 
occurring in functional properties has a great importance to describe and model their sorption and 
drying behavior. First, the primary mechanisms occurring during water transport such as moisture 
sorption, swelling/shrinkage, and glass transition are discussed using experimental results 
presented in the literature. Additionally, the hybrid mixture theory (HMT) and its potential for 
predicting transport mechanisms in foods is discussed. 
Key findings and conclusions: In addition to experimental considerations, the mathematical 
modeling provides complementary information to predict the heat and fluid transfer. The hybrid 
mixture theory based multiscale models are able to describe the physico-chemical changes and 
general transport mechanisms occurring within a porous food matrix. This theory can also be used 
to predict the quality changes in food products during processing. 
Keywords: Moisture sorption, swelling/shrinkage, glass transition, modeling, non-Fickian  
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copyright © 2018 (See Appendix A for documentation of permission to republish this material) 
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%&   water activity  
'  constant in Vogel-Tamma-Fulcher equation 
'(  relaxation parameter 
)  concentration of material (mol cm-3) 
)#  constant in Williams-Landel-Ferry equation 
)$  constant in Williams-Landel-Ferry equation 
)*  constant in molecular relaxation time calculation 
+,  mass fraction of material 
+&  mass fraction of water 
-  diffusion coefficient (cm2 s-1) 
-.   the effective diffusion coefficient in the glassy state (cm2 s-1) 
-/  the effective diffusion coefficient in the rubbery state (cm2 s-1) 
01  apparent activation energy (kJ/mol) 
!2  the equilibrium stress (mPa) 
!3  the stress coefficient of the ith element of the Maxwell model 
!(5)  the stress relaxation function 
!∗8  the factor of proportionality 
9  the rate of flow per unit area of the diffusing molecules (mol cm-2 s-1) 
:  constant in Gordon-Taylor equation 
;)  moisture content (% dry basis) 
<,=  the net isosteric heat of sorption (kJ/mol)  
>  the universal gas constant (kJ/(mol K)) 
5  diffusion time (s)  
?  temperature (K) 
?@  glass transition temperature (K) 
?@A  glass transition temperature of the material (K) 
?@B  glass transition temperature of water (K) 
?"  the theoretical Kauzmann temperature (?C) (K) 




FE  volume fraction of the fluid 
G  molecular relaxation time (s) 
G"  constant in molecular relaxation time calculation 
GHIJ  the characteristic time of mobility or relaxation time (s)  
K  viscosity (mPa s)  
K"  initial viscosity (mPa s) 
KLM  viscosity at ?@	(mPa s) 
O3  the relaxation time of the Maxwell element 
Special symbols 
-FE/-5	 the material time derivative with respect to the solid phase particles (s-1) 
Q  the gradient operator in spatial dimensions 
2.3 INTRODUCTION 
Water transport in foods plays a significant and unique role by affecting functional properties 
during processes. The behavior of food material due to processes such as sorption and drying is of 
great interest to food scientists since it alters various aspects of foods such as acceptability, 
nutritional value, quality, and shelf-life. Therefore, understanding the relationship between food 
structure and water molecules, the changes occurring in its functional properties, and the effects 
of time and temperature on its structural properties is critical to describe and model the sorption 
and drying behavior of foods. However, the effect of glass transition and the underlying 
mechanisms during adsorption/desorption on water transport and shrinkage/swelling are complex. 
Accordingly, the objective of this study is to review the primary mechanisms occurring during 
water transport in foods. Therefore, moisture sorption, shrinkage/swelling, and glass transition 
characteristics of foods will be discussed in the following sections. In addition to the experimental 
research, the mathematical modeling approach based on multiscale transport theory will be briefly 
presented, which can be utilized for describing transport mechanisms during processes.  
2.4 MOISTURE SORPTION 
Since the degree of water migration inside a food material is directly related to physical, chemical, 
and microbiological degradation, the availability of water is an important indication of food 
stability. The most widely used concept to define the water availability is the water activity 
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(McLaughlin & Magee, 1998). Water activity of a product can be associated with its quality since 
it affects the physical properties such as hardness, crispiness, and texture (McMinn, McKee, 
Ronald, & Magee, 2007), chemical properties such as enzyme activity and binding sites, and 
microbial growth potential (McLaughlin & Magee, 1998). The sorption behavior of many foods 
with changing moisture content and temperature and the effect of some specific processes such as 
drying, cooking, and packaging on moisture sorption have been investigated to optimize these 
systems and enhance the shelf life of the products (Ertugay & Certel, 2000; Samapundo et al., 
2007). Sorption characteristics, hygroscopic properties of food constituents, and the interaction 
between biopolymers and water can be described using semi-empirical and mechanistic 
approaches. Sorption isotherms are discussed in the next section. A more general multiscale 
modeling approach that can describe both equilibrium and near equilibrium fluid transport 
mechanisms in foods undergoing shrinkage/swelling and glass transition is presented in the last 
section.  
2.4.1 The Models for Moisture Sorption Prediction 
The complex structures of food materials make the prediction of equilibrium moisture content 
difficult and cause higher variations (Zapata et al., 2014). Therefore, experimental data has been 
correlated with mathematical models to obtain semi-empirical sorption isotherms. However, 
finding a general isotherm describing full sorption curve for a given product is difficult since the 
success of each model depends on food composition, and the interaction between constituents and 
water (McMinn et al., 2007). Numerous sorption models have been proposed to describe the 
sorption behavior of foods in the literature. The extensive study of van den Berg & Bruin (1981) 
lists 77 different isotherm equations under four main groups to explain the water sorption behavior 
of foods.  
Although there are several models for describing the sorption behavior, some have gained 
importance and been used more frequently for foods as summarized in Table 2.1. For example, the 
BET model is good at explaining multilayer sorption while GAB model is known for its versatility 
(Zapata M. et al., 2014). Also, the recommendation of GAB model by The European Project Group 
Cost 90 as the basic model to characterize the sorption behavior of food materials enhanced its 
popularity for various food applications (Timmermann, Chirife, & Iglesias, 2001). The semi-
empirical model proposed by Henderson has been used for cereal grains (Zapata M. et al., 2014). 
The Smith model is known for its ability to describe the sorption isotherms of biopolymers like 
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cellulose and starch (Smith, 1947). Also, Halsey model provides a good representation of the 
sorption behavior of foods containing starch like corn flour (Andrade, Lemus, & Perez, 2011). 
However, every model has some limitations and an applicability range. For instance, the failure of 
BET model at higher water activity levels (>0.5) led to the development of GAB and Peleg models, 
which can express the sorption behavior up to water activity of 0.9. One of the valuable information 
that can be obtained from isotherm models is monolayer water content of the sample. It presents 
information about minimal water content that forms a monolayer (Brett, Figueroa, Sandoval, 
Barreiro, & Mueller, 2009). As BET and GAB models predict the monolayer and multilayer water 
formation, they have been frequently used to describe the sorption behavior of foods. However, 
contrary to the common use of such equations in the food applications, some researchers believe 
that the physical significance of properties cannot be attributed to adjusted parameters due to the 
differences between assumed systems and the original case. For instance, BET model was initially 
created to explain the physical adsorption of gases on solid surfaces. Although monolayer 
formation is common in such systems, the fitting of this phenomenon into food systems has been 
criticized for many reasons. First, the surface is assumed to be homogenous in BET model, which 
is not the case for foods. Second, the lateral interaction of adsorbed molecules is neglected in the 
model. Therefore, these models can only be applied to relatively simple and homogenous systems 
like pure starch (Walstra, 2002).   
2.4.2 Classification of Moisture Sorption Isotherms 
The shape, profile, and trend of isotherms can also provide information to characterize the relation 
between water and foods. Brunauer, Deming, Deming, & Teller (1940) classified sorption 
isotherms into five types, which are presented in Fig. 2.1A. Type I isotherms are known as 
Langmuir isotherms, for which it is assumed that monolayer adsorption occurs in porous solids. 
Type II isotherms are commonly used to describe the sorption behavior of soluble products and 
have a sigmoidal shaped curves (Basu, Shivhare, & Mujumdar, 2006). These isotherms have been 
commonly observed for adsorption in powder products (Ertugay & Certel, 2000). Type III, named 
as Flory-Higgins isotherms, deal with solvents and plasticizers above the glass transition 
temperature. Swelling behavior of hydrophilic solids follow a Type IV isotherm for which 
adsorption continues until maximum hydration sites are occupied. Type V isotherms explain the 
formation of multilayers and characterize the sorption characteristics of mesoporous materials like 
charcoal (Basu et al., 2006). Although food products present different isotherms due to the 
differences in their structure and composition, many researchers (Al-Muhtaseb, McMinn, & 
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Magee, 2002; Brett et al., 2009) have observed Type II isotherms describing sorption behavior for 
starchy foods. A more detailed discussion regarding this type of isotherms is presented in 
experimental research part of this topic.  
The adsorption and desorption mechanisms follow different pathways since they are not fully 
reversible. A desorption isotherm lies above the adsorption isotherm and the difference between 
these pathways is called hysteresis (Fig. 2.1B). Hysteresis could be attributed to conformational 
changes in the structure and change in mobility of water (Al-Muhtaseb et al., 2002). Samapundo 
et al. (2007) indicated that available polar sites under wet conditions are not completely saturated 
with adsorbed water. Drying causes shrinkage in the structure and makes molecules closer to each 
other. This close and integrated structure due to shrinkage facilitates enhanced absorption in 
structure with low amount of water. Therefore, the equilibrium moisture content values in 
adsorption isotherms show lower magnitudes than desorption isotherms. In addition to the effect 
of shrinkage or swelling, phase transitions, capillary phenomenon, metastable local domains, and 
chemisorption can be taken into consideration to explain the hysteresis (Fennema, 1996). Among 
these effects, capillary structures play a significant role since most foods present porous structure. 
The main reason of hysteresis is called ink-bottle effect as hypothesized by McBain (1935), which 
consider the effect of porous structure, and connections and cavities inside the material. When 
pores are connected to the surface of a material, the smaller pores act like a neck. During 
adsorption, water transfer through the material happens homogenously over the entire volume. 
However, during desorption, percolation is the main mechanism that should be considered. In this 
mechanism, water transfer is restricted due to neck effect of smaller pores. Therefore, materials 
have higher water content during desorption than adsorption at the same water activity level.  
2.4.3 The State of Water  
The state of water needs to be taken into consideration while describing the moisture transport 
mechanisms since the required energy to remove water varies with moisture content levels. To 
explain the state of water, generalized moisture sorption isotherms can be divided into three 
regions (A, B, and C) as shown in Fig. 2.1B. These regions denote the initial monolayer, the 
intermediate multilayer, and the final condensed water region. The first region, A, is associated 
with strongly bound water such as H-bonded water and monolayer water in the structure (Yanniotis 
& Blahovec, 2009). The energy required to vaporize the water in this state is much greater than 
the standard latent heat and the water in this region is not available for microbial use and chemical 
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reactions (Siripatrawan & Jantawat, 2006; Yanniotis & Blahovec, 2009). Water in the monolayer 
is absorbed by hydrophilic and polar groups such as proteins and polysaccharides. Region B 
represents less firmly bound water molecules. Multilayer formation occurs above the monolayer 
in this state. Hence, it is considered as the transition phase between bound and free water (Basu et 
al., 2006). The water molecules in this region bound to each other and active polar sites (Ertugay 
& Certel, 2000). They can work as a solvent for some biochemical reactions, and the required 
vaporization energy is lower than the region A. The last region, C, denotes excess water, which is 
considered as free water in the structure. The energy to break down this type of water is the lowest 
among all regions. The region C water also acts as a solvent in the reactions and provides mobility 
to solute molecules in food structure (Yanniotis & Blahovec, 2009).  
2.4.4 Isosteric Heat of Sorption/Desorption 
Heat is absorbed to overcome intermolecular forces for breaking away the water molecules during 
desorption. Therefore, heat sorption curves provide information about the sorption mechanisms 
and the state of water (Zapata M. et al., 2014). The strength of bonds and intermolecular attractive 
forces between water and binding surfaces can be investigated using these curves (Al-Muhtaseb, 
McMinn, & Magee, 2004b). The heat of desorption increases as the moisture content of the sample 
decreases since the required energy to break the bonds between bound water and binding sites 
increases (McLaughlin & Magee, 1998). The net isosteric heat is calculated from the difference 
between total heat of sorption/desorption and the heat of vaporization of water (Basu et al., 2006). 
Isosteric heat (<,=) is described using a temperature dependent expression derived from Clausius-







where > is the universal gas constant (kJ/mol K), 	%& is the water activity, and ? is the temperature 
(K). This equation is based on the assumptions that moisture content in the system is constant and 
the heat of vaporization of pure water is not a function of temperature (Al-Muhtaseb et al., 2004b). 
The net isosteric heat of sorption can be determined from the slope of (UV	%&) vs. (1 ?\ ) for 




2.4.5 Experimental Research on Moisture Sorption 
Several studies about the sorption behavior of foods such as oats (Brett et al., 2009; Ertugay & 
Certel, 2000; McMinn et al., 2007; Sandoval, Guilarte, Barreiro, Lucci, & Mueller, 2011; Zapata 
M. et al., 2014), rice (Brett et al., 2009; Durakova & Menkov, 2004; Siripatrawan & Jantawat, 
2006), corn (Ertugay & Certel, 2000; Palou, LopezMalo, & Argaiz, 1997; Samapundo et al., 2007; 
Tolaba & Suarez, 1990), potatoes (Al-Muhtaseb, McMinn, & Magee, 2004a; McMinn & Magee, 
1999), and barley (Barreiro, Fernandez, & Sandoval, 2003) have been conducted. The models 
proposed in these studies, the monolayer water content, the net isosteric heat of sorption, and other 
important outcomes are presented in Table 2.2. Starchy foods presented Type II (sigmoidal shaped) 
isotherms, which indicated that they underwent multilayer adsorption.  
These studies agreed on that equilibrium moisture content is dependent on temperature, which 
directly affects the mobility of the water molecules. The increase in mobility was attributed to 
increase in vapor pressure due to temperature increase (Siripatrawan & Jantawat, 2006). However, 
the literature also presented some differences. The main difference was the effect of temperature 
on adsorption mechanism at high water activity. There was no crossover between different 
isotherms at high water activity levels in some studies (Durakova & Menkov, 2004; McMinn et 
al., 2007; Sandoval et al., 2011; Siripatrawan & Jantawat, 2006). However, isotherm crossovers 
were observed among some other studies (Brett et al., 2009; Perdomo et al., 2009; van den Berg 
& Bruin, 1981). Temperature effect was smaller at water activities below 0.75. The moisture 
content of samples decreased with increasing temperature at water activities below 0.75, which 
indicated that the samples had become less hygroscopic (McMinn et al., 2007). This was attributed 
to two mechanisms by Palipane & Driscoll (1993). First, the number of active binding surfaces 
may decrease due to physical and chemical changes as temperature increases. Second, increase in 
energy level with increase in temperature can cause lower water stability and consequently 
separation of water molecules from binding sites. For the second case (aw > 0.75), crossover was 
observed among moisture isotherms at different temperatures, and the change in moisture content 
between isotherms became larger (Brett et al., 2009). Sandoval et al. (2011) attributed the isotherm 
crossover at water activities above 0.75 to thymol use due to its effect on absorption properties. 
They claimed that such chemicals vaporize and are absorbed by the material, which can lead to 
higher moisture content. On the other hand, Brett et al. (2009) stated that isotherm crossover is a 
typical behavior in foods with high carbohydrate content, in which endothermic dissolution of 
sugars at higher water activity is responsible for the inverse relation between temperature and 
14 
 
moisture content. The study of Brett et al. (2009) on glass transition of oat and rice flour showed 
that the availability of active sites increases at high water activity as temperature increases and 
such condition can trigger molecules in a glassy state to undergo glass transition. This behavior 
was explained by the difference between the onset of glass transition temperatures of the molecules 
at different temperatures, which deviates the moisture sorption capacity of molecules (Perdomo et 
al., 2009). Since a glassy material at higher temperature requires less water to undergo glass 
transition, increase in hydroxyl groups leading to more available active sites might occur at lower 
water activity levels. Due to lower glass transition onset temperature for materials at higher 
temperature, sorption can present higher equilibrium moisture content values due to increase in 
water activity.  
2.5 GLASS TRANSITION  
An important parameter that can be used to explain the physical and chemical behavior of food 
systems including relaxation mechanism and water transport is the glass transition temperature 
(?@).  ?@ is described as the temperature where the glassy state of a material transitions to the 
rubbery state or vice versa (Perdomo et al., 2009). Contrary to the crystalline layers, amorphous 
parts of a food are away from equilibrium due to their disordered structure (Liu, Bhandari, & Zhou, 
2006). The water transport is limited in crystalline regions as they have very low diffusivity due 
to strong intermolecular bonds and highly ordered structure of these regions. However, water 
penetration and diffusion occur easily in amorphous layers. In addition, the state of the material 
(glassy/glass transition/rubbery) is an important indicator to determine the stability and textural 
properties of foods, and has a significant impact on water migration during food processing unit 
operations and storage (Champion, Le Meste, & Simatos, 2000). Many researchers have studied 
glass transition to understand its effect on water transport (Levine & Slade, 1986; Slade & Levine, 
1988). Roos (2010) indicated that relaxation of the material is a common behavior and α-relaxation 
is the main relaxation type associated to glass transition. Glass transition is sometimes called as 
kinetic or relaxation transition due to its effects on relaxation behavior. Ozturk & Takhar (2017) 
emphasized that the glass transition has a strong impact on the possible configuration of molecules 
toward equilibrium. Also, since it involves the transformation of structure from glassy to rubbery 
state, conformational and structural changes happen that affect both effective diffusivity and 
relaxation terms. Conformational changes in polymers, which depend on glass transition, affect 
water transport as discussed in a later section. The glass transition concept allows predicting 
changes in the product quality and structure of a material during food processes such as drying, 
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extrusion, and freeze-drying (Champion et al., 2000). The glass transition is highly dependent on 
the property being measured and the method used for its measurement. There are different methods 
and instruments that can be used to determine the glass transition temperature of a system. The 
commonly used methods are summarized in Table 2.3. Abiad et al. (2009) presented a detailed 
discussion of these methods. 
2.5.1 General Concept 
Displacement of chains and conformational changes within the structure might be observed in the 
glassy state since a material may have enough internal energy to compensate for these changes 
without changing their state. However, when the material is heated, transformation occurs in 
amorphous regions, leading to mobile rubbery regions instead of rigid glassy ones. In rubbery 
state, the polymer structure also presents rotational and diffusional movements in addition to 
conformational changes (Zavareze & Dias, 2011). Melting of crystalline regions follows first-order 
transition like other phase transitions such as evaporation and condensation whereas glass 
transition of amorphous regions follows second-order transition during structural changes. The 
melting of crystalline regions and phase changes exhibit a discontinuous change in the first 
derivative of free energy with respect to a thermodynamic variable (e.g. density). The glass 
transition shows a continuous change in the first derivative of free energy with respect to a 
thermodynamic variable but a discontinuous change in its second order derivative (Abiad et al., 
2009). The main difference between these transitions can be attributed to the latent heat. In the 
first-order phase transitions, latent heat is absorbed or released by the system during the state 
change, which causes a discontinuity in the magnitude of free energy. On the other hand, release 
or absorption of latent heat is not observed in the second-order phase transitions like glass 
transition. Therefore, glass transition was referred as a state transition instead of phase transition 
by many researchers (Liu et al., 2006).  
2.5.2 Glass Transition Theories 
Several theories such as free-volume, kinetics, and thermodynamics have been proposed to 
understand the fundamental physical aspects and the molecular basis of glass transition (Champion 
et al., 2000). The free-volume theory assumes a free space within the polymer matrix to facilitate 
the rotational and translational movements of macromolecules. This theory indicates that the 
degree of expansion of a material changes in the glassy and rubbery states whereas the free volume 
remains constant around 2.5% at glass transition (Roos, 2010). Above ?@, the free volume and the 
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mobility of the molecules increases linearly as temperature increases. In comparison, enough free 
volume is not available for molecular motions below	?@. However, this theory does not define 
molecular motion and the dynamic nature of glass transition clearly (Abiad et al., 2009). The 
dynamic nature of ?@ can be explained by the kinetic theory by examining the effect of 
heating/cooling rates on glass transition. It defines the relationship between relaxation times of the 
molecules and time scale of an experiment. For example, higher heating rates can be correlated to 
shorter experimental time scales meaning limited time for molecular motion and higher glass 
transition temperature. However, since this theory cannot predict ?@ at long time scales, its 
applicability is limited (Abiad et al., 2009). The thermodynamic theory takes into account the 
entropy approach and defines the glass transition as a second-order phase change. This theory 
includes changes in heat capacity and thermal expansion coefficient during glass transition without 
any change in latent heat (Roos, 2010). Although this theory can predict ?@ variation as a function 
of parameters such as composition, plasticization, and cross-link density, the measurements need 
to be performed at long time scales since the changes in thermodynamic properties occur at 
infinitely long time scales (Abiad et al., 2009). 
2.5.3 Molecular Mobility  
As introduced in the previous part, molecular mobility significantly affects equilibrium conditions, 
water movement, and product stability since it eases or restricts the water transfer due to changes 
in internal resistance. The molecular mobility is limited to minimal rotational and vibrational 
motion below glass transition temperature. However, since the glassy state is a non-equilibrium 
state contrary to crystalline state, the materials below glass transition temperature tend to reach a 
more stable state (Liu et al., 2006). On the other hand, molecular rearrangement is much faster 
above the glass transition temperature due to higher mobility in polymer segments. Therefore, 
systems above glass transition temperature are able to reach equilibrium at a faster rate (Forssell, 
Hulleman, Myllärinen, Moates, & Parker, 1999; Liu et al., 2006).  
The characteristic time of mobility or relaxation time is the time required for a material to reach 
equilibrium after a change occurs in its structure. It can be described using the following equation 







where K is the viscosity and !∗8 is the modulus of elasticity at infinite frequency. When the 
relaxation time is close to the experimental time, the material is within the glass transition region 
(Champion et al., 2000). In addition to the relaxation time, mobility of molecules can also be 
described using apparent activation energy (01), which corresponds to the minimum 
intermolecular interaction energy. It depends on both the changes in intermolecular interactions 
and free volume due to temperature variations. The highest value of activation energy is observed 
close to glass transition. When the temperature of the system exceeds the glass transition 
temperature, the molecules can move more independently due to increased free space within the 
structure. Therefore, the apparent activation energy decreases as temperature increases (Champion 
et al., 2000).  
The molecules possessing plasticizing effect can depress the ?@  (Zeleznak & Hoseney, 1987). 
Water is one of the strongest plasticizers, and the increase in water content results in lower glass 
transition value. Relations such as the Gordon-Taylor equation can be used to calculate	?@ as a 
function of solid and liquid mass fractions. The Gordon-Taylor equation is given as follows 





where : is a constant. +, and +& are the mass fractions, and ?@A and ?@B are the glass transition 
temperatures of the material and water, respectively.  
2.5.4 Physical Changes during Glass Transition  
The state transitions can change the physical properties of a material such as free-volume, 
viscoelastic properties, heat capacity, and thermal expansion coefficient. The changes in viscosity 
and viscoelasticity during glass transition are of great importance to affect water transport and 
swelling mechanism. The viscosity change in the glassy state can be described using Arrhenius 
equation (eqn. 2.4). 




Above the glass transition temperature, the physical properties are strongly dependent on 
temperature. Above the glass transition temperature, Vogel-Tamma-Fulcher (2.5) and Williams-
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Landel-Ferry (2.6) equations are commonly used to describe viscosity as a function of temperature 
(Champion et al., 2000). 









)$ + k? − ?@l
																																																		(2.6) 
where K and KLM are viscosities at ? and ?@, respectively. K", ', ?", )#, and )$ are 
phenomenological coefficients (Champion et al., 2000; Liu et al., 2006). The molecular relaxation 
time can also be expressed using an expression similar to Vogel-Tamma-Fulcher equation (Liu et 
al., 2006). 	




where )*, ?", and G" are constants. ?" corresponds to the theoretical Kauzmann temperature (?C), 
which marks the lower limit of the glass transition in experiments. When the system is at ?C, its 
configurational entropy approaches zero, which means more ordered and stable structure.  
2.6 MATHEMATICAL MODELING OF DIFFUSION  
In addition to primary mechanisms such as moisture sorption, swelling/shrinkage, and glass 
transition as discussed in the previous sections, the mathematical modeling approach can be 
utilized for describing transport mechanisms in foods during food processing unit operations. The 
diffusion characteristics differ according to a material’s viscoelastic properties. Different models 
have been proposed to define the Fickian and non-Fickian diffusion behavior of the materials (Bao, 
Yee, & Lee, 2001). Gradients in thermodynamic quantities result in driving forces in a material to 
cause the movement or transfer of a matter from one part of a system to another. When there is a 
concentration gradient between the species, migration occurs, and it continues until the system 
achieves its thermodynamic equilibrium (Cikrikci & Oztop, 2017). 
Food biopolymers interact with fluids and dissolved constituents in multicomponent 
heterogeneous food materials. A continuous exchange of thermodynamic quantities like mass, 
momentum, energy, and entropy occurs among these constituents within the food matrices. 
Although the overall system is complex due to numerous interactions between thermodynamic 
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quantities, the second law of thermodynamics can explain spontaneous transport processes in the 
system (Takhar, 2008). 
2.6.1 Modeling Approaches and the Effect of Glass Transition 
The state of a food (glassy, glass transition, and rubbery) also impacts the exchange of 
thermodynamic quantities, and consequently the moisture transport mechanism in addition to 
process parameters and structure of a food (Takhar, 2008). As discussed above in the swelling and 
gelatinization section, swelling is related to volume increase as a consequence of adsorption of 
diffusing molecule within the material. Besides swelling, the viscoelastic relaxation of polymers 
also plays a significant role to affect diffusion by posing resistance against transport of fluids 
(Cikrikci & Oztop, 2017). The diffusion mechanism can be classified under three different groups 
considering the value of parameter n in the relation DE ∝ 5p where DE and 5 are the fraction of fluid 
taken by the solid matrix and diffusion time, respectively (Takhar, 2008).   
1- Case I or Fickian diffusion, n = 0.5 
When the relaxation rate of polymers is much faster (rubbery state) than the diffusion rate in a 
polymeric system, Case I diffusion is observed (Crank, 1975). Equilibrium is reached very quickly, 
so swelling of particles has negligible effect on water transport (Masaro & Zhu, 1999).  
Fick’s first and second laws can be used to calculate the diffusion of solute molecules as a function 
of space and time in a material. Fick’s first law is given by  
																																																																												9 = −-∇C																																																																							(2.8) 
where 9 is the flux of diffusing molecules (mol m-2 s-1), - is the diffusion coefficient (m2 s-1), ) is 
the concentration of solute (mol m-3), and	D is the material thickness (m). 




= −∇ ∙ J																																																																				(2.9) 




= ∇ ∙ (-∇))																																																														(2.10) 
2- Case II (n=1) and Super Case II (n>1) diffusion 
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The materials in the glassy state follow Case II or Super Case II diffusion. In both, diffusion occurs 
at a very fast rate compared to relaxation rate of the material. The solvent penetration advances at 
a constant rate in Case II diffusion (n=1) (Alfrey, Gurnee, & Lloyd, 1966) whereas the rate 
increases rapidly in Super Case II diffusion (n>1) (Jacques, Hopfenberg, & Stannett, 1974). 
Therefore, swelling dominates the relaxation of the material in both cases, and affects the 
material’s sorption behavior. 
3- Anomalous diffusion, 0.5 < n < 1 
For n parameter values of  DE ∝ 5p lying in the range 0.5 < n < 1, both relaxation and diffusion 
times have similar order of magnitude. Swelling occurs extensively as a consequence of 
penetration of diffusing solute. Although a single parameter can explain Case I and Case II 
diffusion, additional parameters are required for anomalous diffusion as it involves both stress 
relaxation and swelling behavior in polymers (Crank, 1975). The fluid transport depicts non-
Fickian characteristics near glass transition. Therefore, an additional time-dependent stress term is 
needed to be included for the estimation of fluid transport (Kim, Caruthers, & Peppas, 1996; 
Takhar, 2011). These studies indicated that this term arises from the viscoelastic relaxation of 
polymers in the vicinity of glass transition. Although several studies have used Fick’s law to 
describe diffusion in foods (Briffaz, Bohuon, Meot, Pons, et al., 2014; Briffaz, Bohuon, Meot, 
Dornier, & Mestres, 2014), it has been shown that Fickian diffusion is only valid for foods which 
are in rubbery or glassy states when sufficiently far from the glass transition regime (Singh, 
Cushman, & Maier, 2003a; Takhar, 2008). In some food processing systems such as drying, 
sorption, frying, and extrusion, biopolymers inside the food matrices undergo glass transition. 
Therefore, modeling fluid transport in different states is required to optimize these food processes. 
The additional time-dependent stress term can provide significant information for the 
determination of moisture distribution within the food and prediction of quality attributes such as 
texture and crust formation (Takhar, 2008).  
2.6.2 Multiscale Transport Theory and Its Suitability for Fluid Transport  
The traditional modeling approaches take into account the heat and mass transfer equations to 
interpret fluid transport in foods. However, these equations only consider macroscale mechanisms. 
Understanding the swelling and viscoelastic behavior of a material, and the effects of these 
mechanisms on fluid transport is required for food systems. Hybrid mixture theory (HMT) is a 
framework for developing governing equations to describe general transport mechanisms and 
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physical changes in porous materials. This theory can also be used to predict the quality changes 
in food products (Bansal, Takhar, Alvarado, & Thompson, 2015; Ditudompo & Takhar, 2015). 
This theory is a hybridization of classical volume averaging of microscale mass, momentum, 
energy, and entropy balances with the classical theory of mixtures (Takhar, 2008). The mesoscale 
and macroscale equations can be obtained by volume averaging the microscale mass, momentum, 
energy, and entropy balances (Singh, Cushman, & Maier, 2003b). First, the microscale equations 
are averaged over the solid-vicinal fluid domains to obtain the mesoscale equations. Then, 
averaging the mesoscale equations over solid-fluid mixture and bulk phases provides macroscale 
balance equations. The study of Bennethum & Cushman (1996) shows how microscale and 
mesoscale equations are used and averaged for developing macroscale equations. The constitutive 
theory is formulated at macroscale and the second law of thermodynamics in form of entropy 
inequality (Coleman & Noll, 1963) is utilized along with axioms of continuum mechanics 
(Eringen, 1980) to develop the equilibrium, near-equilibrium and non-equilibrium relations. This 
method provides thermodynamically and physically viable relations to solve transport problems. 
Thermomechanical stress equation, generalized Fick’s law, generalized Darcy’s law, and non-
Fickian transport equations are some of the examples of these relations (Singh et al., 2003b). This 
theory provides an opportunity to incorporate the effect of transport mechanisms occurring at the 
microscale and mesoscale into macroscale by upscaling.  
The multiscale fluid transport theory for swelling biopolymers that incorporated the effect of 
viscoelastic relaxation on fluid transport was developed by (Singh et al., 2003a). The following 










{ = 0												(2.11) 
where FE is the volume fraction of the fluid and ∇ is the gradient operator in Eulerian coordinates. 
The DFE/Dt is the material time derivative calculated with respect to the solid phase particles. The 
first two terms of this equation are similar to the classical Fickian equation. The integral term 
brings uniqueness to this equation since it includes the viscoelastic behavior of materials. The 
product '(!(5) in integral term accounts for the effect of stress relaxation during fluid transport. 
Fickian diffusion coefficient (-), the stress relaxation function (!(5)), and the relaxation 
parameter ('() are the required experimental properties to solve this equation. As stated before, 
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since this equation was obtained at macroscale by upscaling micro and mesoscale transport 
mechanisms, the required experimental properties can be measured at the macroscale. 
2.6.3 Fickian and non-Fickian Transport  
Eqn. (2.11) is the general equation to explain the fluid transport in a material. The generalized 
Maxwell model (2.12) is an example to define the stress relaxation function (!(5)) in this equation. 
The further mathematical expressions shown below will utilize the generalized Maxwell model to 
describe the viscoelastic (integral) term of (2.11). However, other viscoelastic relations (including 
nonlinear viscoelastic properties) can also be utilized to describe the stress relaxation term. The 
original derivation in Singh et al. (2003a) allows both linear and nonlinear viscoelastic properties 
to describe stress relaxation in the integral term of (2.11). The generalized Maxwell model can be 
written as 







where !3 is the stress coefficient of the ith element of the Maxwell model. O3 and !2are the 
relaxation time of the Maxwell element and the equilibrium stress or stress at the infinite time, 
respectively. When (2.12) is substituted in (2.11), the following generalized equation is obtained 
(Singh et al., 2003a; Takhar, 2014).  
-FE
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In the next steps, this equation will be evaluated for different states.  
1. Glassy state 
The relaxation time of a material approaches infinity when the material is in the glassy region and 
significantly far from glass transition temperature. Therefore, in this region, the generalized 










{ = 0								(2.14) 
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Since !3 + !2 term is independent of time and it was assumed that the fluid is uniformly distributed 




− (1 − FE)∇ ∙ (-.∇FE) = 0																																								(2.15) 
where  




-.  is the effective diffusion coefficient in the glassy state. As eqn. (2.15) indicates, the non-Fickian 
integro-differential equation reduces to a Fickian partial differential equation in the glassy state. 
An elastic component occurring from relaxation contributes a time-independent term to the 
effective diffusion coefficient in this case.  
2. Rubbery State  
The relaxation time of a material is significantly smaller than the diffusion time in the rubbery 
state when the material is far from glass transition region. Therefore, in the rubbery state, the 




− (1 − FE)∇ ∙ (-∇FE) + (1 − FE)∇ ∙ yz('(!2)∇FE
=
"
{ = 0																						(2.17) 
Since !2 term is independent of time and again with the assumption of uniform fluid distribution 




− (1 − FE)∇ ∙ (-/∇FE) = 0																																															(2.18) 
where  
																																																																							-/ = - − '(!2																																																															(2.19) 
-/ is the effective diffusion coefficient in the rubbery state. An elastic component (!2) occurring 
from relaxation contributes a time-independent term to the effective diffusion coefficient in this 




3. Glass Transition State 
Contrary to glassy and rubbery states, the integral term that depends upon the viscoelastic behavior 
of a material contributes time-dependent term to the transport eqn. (2.13) since it is of the same 
order as the diffusion term. This time-dependent contribution of the integral term causes the fluid 
transport to become non-Fickian near glass transition. Although many studies have been conducted 
based on Fick’s law, non-Fickian transport models should be taken into account for the materials 
undergoing glass transition. For instance, Briffaz et al. (2014) assumed Fickian type of water 
transport for rice cooking in their model. It should also be noted that even in glassy and rubbery 
states, the effective diffusivity value of the material is affected by some time-independent 
components emerging from the viscoelastic behavior of the material as discussed above. Near 
glass-transition, the integral term contributes a memory effect to fluid transport, which shows that 
the process history has an effect on fluid flow.  
2.6.4 Experimental Research with Multiscale Transport Theory 
Many polymeric systems show similar porous structures, and water transport in porous food 
structures can be successfully interpreted using Hybrid Mixture Theory (HMT) (Singh, Cushman, 
Bennethum, & Maier, 2003). Several researchers have investigated the transport behavior of 
materials in different states. The experimental research of Kim et al. (1996) indicated that the 
nature of transport process was highly influenced by glass transition. The fluid transport in a 
material follows Fickian characteristics if the material is well above or below the glass transition 
region (in rubbery and glassy states, respectively). On the other hand, the fluid transport 
significantly deviates from Fickian characteristics in the vicinity of glass transition because of the 
similar order of magnitudes of relaxation and diffusion rates. Xing, Takhar, Helms, & He (2007) 
examined the moisture content of pasta samples during drying. They observed round moisture 
profiles for the samples in the glassy state and sharp moisture profiles for pasta undergoing glass 
transition. The first one is an indication of Fickian moisture transport while the latter depicts non-
Fickian transport. The multiscale transport theory has been applied to many products. The 
modeling and experimental results present similarities in the determination of fluid transport in 
food materials. Singh, Maier, Cushman, & Campanella (2004) studied soybeans and presented the 
effect of viscoelastic relaxation on moisture transport. They showed that drying profiles exhibit 
Fickian characteristics in the rubbery state and non-Fickian characteristics near glass transition, 
and they validated their model with experimental analysis. HMT has also been used to explain 
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different characteristics of many products. Ditudompo & Takhar (2015) interpreted the swelling 
of corn starch during extrusion and their HMT based model was successful to determine the 
temperature, moisture content, and expansion ratio of extrudates. Their results indicated that this 
theory can be used as a guide to control the extrusion parameters and enhance the quality attributes, 
especially texture. Takhar (2011) and Takhar, Maier, Campanella, & Chen (2011) studied the 
shrinkage of corn kernels during drying. They suggested an intermittent drying for corn kernels to 
reduce the stress cracking problem as a result of their simulations with HMT based model. Bansal, 
Takhar, & Maneerote (2014) investigated the transport mechanisms and phase changes in rice 
crackers during frying using unsaturated transport theory of Takhar (2014). They concluded that 
heat and mass transfer mechanisms during frying can be explained using HMT based modeling. 
2.7 CONCLUSIONS 
This chapter reviewed the mechanisms occurring during water transport in foods and presented 
experimental results on moisture sorption, swelling, and glass transition to illustrate their role in 
transport processes. In addition, the mathematical models were discussed that provide 
complementary information to predict the heat and fluid transfer. While the traditional modeling 
approaches only consider the heat and mass transfer equations to predict the fluid transport in 
foods, understanding the swelling/shrinkage and viscoelastic behavior of materials, and the effects 
of these mechanisms on fluid transport is needed for food systems. Therefore, the Hybrid Mixture 
Theory based multiscale models can be used to describe transport in porous foods and to estimate 
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Table 2.1 Models used to describe moisture sorption of starchy foods 
Model Equation Parameters 
BET Ü& =
ÜH)%&
(1 − %&)(1 − %& + )%&)
 
ÜH – moisture corresponding to the 
monolayer  
) – characteristic constant of the material  
GAB Ü& =
ÜH)á%&
(1 − á%&)(1 − á%& + )á%&)
 
ÜH – moisture corresponding to the 
monolayer  
) – the Guggenheim’s constant 
á – the correction factor related to 
adsorption heat of the multilayer 
Smith Ü& = á# − á$	ln(1 − %&) 
á# and á$ – constants of model related to 
food characteristics  






ÜH – moisture corresponding to the 
monolayer  
ä and	V – energy constants related to 
temperature effect 
> – the universal gas constant 
? – absolute temperature 
Henderson Ü& = 0.01i





V and ã – characteristic constants of the 
material 
Peleg Ü& = ÜH%&å + '%&ç 
ÜH – moisture corresponding to the 
monolayer  










Content (g water/g solids)  
Net Isosteric Heat of 
Sorption (kJ/mol) 
Outcomes  Reference 
Oat 
Peleg • 0.068-0.048 (BET) 
• 0.089-0.061 (GAB) 
!"# = −327)* + 47 
• Molecular mobility varies due to change 
in onset glass transition temperature at 
different temperatures 
Brett et al. (2009) 
Modified 
GAB 
• 0.059-0.048 (BET) 
• 0.055-0.047 (GAB) 
!"# = −34.23./0.1234 
• Dynamic vapor sorption method gives 
more accurate results than static 
gravimetric methods 
• The chemical used to prevent 
microbiological growth at high water 
activity can cause variations in sorption 
measurements 
Sandoval et al. (2011) 
Ferro-Fontan • 0.0376-0.0244 (BET) 
• 0.0361-0.0336 (GAB) 
!"# = 0.056)*/2.89 
• A surface monolayer is formed with 
initial occupation of active polar sites 
(higher bonding activation energy) 
• Multilayer is developed by filling of less 
active sites as water activity increases 
(lower bonding activation energy)  
McMinn et al. (2007) 
Caurie • 0.056-0.022 (BET) 
• 0.073-(-)645 (GAB) 
- • Moisture sorption is dependent on 
temperature change  




• 0.439-0.425 (BET) 
• 0.51-0.46 (GAB) 
- • Sugar content and enzyme activity play 
important roles in sorption behavior, 
especially at water activities above 0.5 








Content (g water/g solids)  
Net Isosteric Heat of 
Sorption (kJ/mol) 
Outcomes  Reference 
Rice 
Chung-Pfost • 0.0714-0.068 (BET) !"# = 14211)*/1.;2;< • There is no observed hysteresis effect 
between adsorption and desorption 
Durakova & Menkov 
(2004) 
Peleg • 0.080-0.064 (BET) 
• 0.111-0.065 (GAB) 
!"# = −237)* + 40		 • There is an inverse relation between 
temperature and monolayer water content 
Brett et al. (2009) 
GAB • 0.0528-0.0467 (BET) 
• 0.0594-0.0501 (GAB) 
24.86-0.05 (0.01-0.28 
g/g dry solids) 
• Varying food composition and different 





GAB • 0.07444-0.0603 (GAB) - 
• Sorption sites during adsorption have 
greater binding energy although their 
number is less compared to desorption 
Samapundo et al. 
(2007) 
Peleg • 0.0342-0.0323 (BET) 
• 0.0377-0.0345 (GAB) 
7.5-2 (0.06-0.155 g/g 
dry solids) 
• An increase in isosteric heat can be 
observed at low moisture content since 
faster swelling and the exposure of 
sorption sites  





• 0.008-0.006 (Mod-BET) 
• 0.035-0.021 (GAB) 
- • Hysteresis is evident over the entire range 
of water activity 
Al-Muhtaseb et al. 
(2004a) 
GAB • 0.06-0.04 (GAB) 
31.5-1.11 (0.05-0.366 
g/g dry solids) 
• Temperature affects the sorption behavior 
(Moisture content decreases as 
temperature increases) 





Table 2.3 Determination of glass transition with different techniques 
Technique Concept Determination Reference 
Differential scanning 
calorimetry (DSC)  
Released and absorbed 
enthalpy  
• midpoint in the heat capacity change Sandoval, Nuñez, Müller, 




lattice and spin-spin 
relaxation phenomenon) 
• slope change in spin-spin relaxation 
time (T2)  
Abiad et al. (2009) and 
Ruan, Long, Chang, Chen, 
& Taub (1999) 
Dynamic mechanical 
thermal analysis (DMA 
or DMTA) 
Viscoelastic properties  • maximum of loss modulus, G” 
• drop in storage modulus, G’ 
• maximum of loss factor, tan δ 
Rahman (2006) and 
Sandoval et al. (2009) 
Dilatometry (DIL) Free molecular volume 
(volumetric expansion) 
• the change in slope of specific volume  
• inflection point of thermal expansivity 
Abiad et al. (2009) 
Dielectric relaxation 
spectroscopy (DRS) 
Magnetic and time 
dependence of sample’s 
electrical polarization  
• peak of dielectric coefficient, ε” 
• maximum of loss factor, tan δ 
Champion et al. (2000) 
Atomic force microscopy 
(AFM) 





Local-free volume properties 
(dimension, distribution, and 
concentration of voids) 
• slope change in o-Ps lifetimes (>?)  Abiad et al. (2009) 
Inverse gas 
chromatography (IGC) 
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STRESS RELAXATION BEHAVIOR OF OAT FLAKES† 
3.1 ABSTRACT 
It is important to understand the viscoelastic properties of cereals as they affect product texture. 
Therefore, the stress relaxation behavior of oat flakes was studied using static testing. The oat 
flakes exhibited linear viscoelastic behavior at strain levels under 2%. The relaxation modulus was 
directly influenced by the moisture content of the samples; it was low at higher moisture levels. A 
two-element generalized Maxwell model fitted well to describe the viscoelastic behavior of oat 
flakes with its high R2 and low RMSE. The first and second stress coefficients (!	#	$%&	!') and 
the second relaxation time component ((') of the model generally decreased as the moisture 
content of the samples increased, which implied that samples showed lower resistance against 
applied force and relaxed faster with the increase in moisture content. The viscoelastic behavior 
of oat flakes was a function of both moisture content and temperature. The viscoelastic properties 
obtained in this study can be used to improve the textural attributes of oat-based products and 
further utilized in mathematical models describing drying or sorption processes.  
Keywords: Stress relaxation, oat flakes, generalized Maxwell model 
3.2 INTRODUCTION 
Oat grain (Avena sativa L.) is one of the most important cereals, and is used for purposes such as 
animal feed, human diet, and health care (Zheng et al., 2015). The tolerance of oat grain to wet 
weather and acidic soils, its resistance to disease, and its low need for fertilizers and chemicals 
during cultivation are the reasons behind its popularity in agriculture (Biel, Jacyno, & Kawecka, 
2014). Many consumers consider oats to be superior to most other cereals due to their high 
nutritional value, which makes them one of the most important cereals in the human diet (Yanjun 
Liu, Bailey, & White, 2010). Studies on oat-based products (Londono, Gilissen, Visser, Smulders, 
& Hamer, 2015; Wood, 2007) have shown that oats impact human health positively by lowering 
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blood cholesterol levels, reducing glucose uptake, reducing the risk of cancer, decreasing plasma 
insulin response, and providing satiety. These effects generally result from β-glucans, which also 
cause high viscosity in the gastrointestinal system (Liu et al., 2010). In addition to these reasons, 
the high amount of soluble fibers in their structure and the increased awareness of population to 
consume more fibers in their diet lead to an enormous increase in the consumption of oat grains 
(Autio & Eliasson, 2009). This stimulation effect has led to the creation of new oat-based products 
in the food industry such as breakfast cereals, fermented oat products, oat flour products, and oat 
milk-based beverages (Hu, Zheng, Li, Xu, & Zhao, 2014).  
Several studies have reported that moisture, temperature, and time are the most significant 
parameters that affect the mechanical properties of cereals (Bargale & Irudayaraj, 1995; Figueroa 
et al., 2011; Gates, Dobraszczyk, & Salovaara, 2004; Gates, Sontag-Strohm, Stoddard, 
Dobraszczyk, & Salovaara, 2008). Therefore, various studies have focused on these variables to 
determine changes in the mechanical properties of cereals during processing and storage. Cereal 
grains are subjected to many types of static and dynamic loads during harvesting, processing, and 
storage and such loadings case significant damage to grains. Therefore, understanding the 
mechanical properties of cereals can elicit new harvesting methods, improve the design of unit 
operations for efficient processing, and preserve the quality of products (Bargale & Irudayaraj, 
1995; Hernandez et al., 2012). Understanding the mechanical properties of cereals is necessary not 
only for processing operations, but also for human consumption as they are related to consumers’ 
mastication and swallowing.    
Since most foods including cereal grains and their processed derivatives exhibit both fluid- and 
solid-like behavior, their mechanical properties need to be investigated by treating them as 
viscoelastic (Gates & Dobraszczyk, 2004). Several researchers have utilized both static and 
dynamic methods such as steady ones like stress relaxation test (Liu et al., 1989; Figueroa et al., 
2011; Hernandez et al., 2012) and creep test (Bonnand-Ducasse, Della Valle, Lefebvre, & Saulnier, 
2010), and oscillatory ones like force-deformation test (Gates et al., 2004) to analyze the 
mechanical properties of food material. 
During the stress relaxation test, the relaxation modulus of a viscoelastic material is measured as 
a function of time at a constant strain. In this manner, the relaxation behavior and dissipation of 
stress can be observed as a function of time (Hernandez et al., 2012). There are different behaviors 
that can be observed by performing stress relaxation test, such as ideal elastic, ideal viscous and 
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viscoelastic. Studies on soybeans (Liu, Haghighi, Stroshine, & Ting, 1990), wheat kernels 
(Figueroa et al., 2011), barley kernels (Bargale & Irudayaraj, 1995; Lopez-Perea, Schwarz, 
Figueroa, & Hernandez-Estrada, 2012), cowpeas (Pappas, Skinner, & Rao, 1988), wheat 
starch/dietary fiber systems (Yildiz et al., 2013), dough matrices (Rodriguez-Sandoval, Fernandez-
Quintero, & Cuvelier, 2009), and various types of spaghetti (Sozer & Dalgic, 2007) have shown 
that the viscoelastic behavior of food samples can be analyzed using stress relaxation tests and 
represented using a generalized Maxwell model. These foods have a high starch content. 
Interaction of starch and water makes the water transport in these foods to depend upon the glass-
transition phenomenon. Glass transition has a strong impact on possible configuration of molecules 
toward equilibrium with its contribution to relaxation behavior since it affects molecular mobility 
of the molecules in polymer segments. Systems above glass transition (in rubbery or viscous states) 
are able to reach equilibrium at shorter time scales (Yeting Liu, Bhandari, & Zhou, 2006). 
Sandoval, Nuñez, Müller, Valle, & Lourdin (2009) measured the glass transition temperature of 
oat flour and showed that oat flour is in the rubbery state around 100°C when the moisture content 
is higher than 5% on dry basis. Therefore, the pan cooking process of oats is expected to occur in 
the rubbery state as oat flakes are added to the boiling water. 
Although a considerable amount of research has been conducted in the past to understand the 
rheological and mechanical behavior of different cereals, there is very limited information on 
mechanical and viscoelastic properties of oats. Gates et al. (2004, 2008b) used the pin deformation 
method to test the strength of oat flakes. Their results indicated the difference between thick and 
thin oat flakes and the effect of moisture content on rupture force. Also, Gates, Dobraszczyk, 
Stoddard, Sontag-Strohm, & Salovaara (2008) and Gates & Talja (2004) provided additional 
information on the mechanical properties of oat groats and flakes by using dynamic mechanical 
testing at short time scales. Gates, Dobraszczyk, et al. (2008) conducted mechanical testing for 5 
s after maximum force was attained. However, there is no published data on the stress relaxation 
behavior of oats at long time scales, which is needed for modeling of non-Fickian transport (Singh, 
Cushman, & Maier, 2003) during applications such as drying, sorption, and cooking. The specific 
objectives of this study were to characterize the stress relaxation behavior of oat flakes in the 
cooking moisture content range using static testing and to determine the generalized Maxwell 
model parameters representing the viscoelastic behavior for oat flakes. The static testing allowed 
collecting data at longer time scales. The cooking moisture content range will allow processors to 
predict mechanical textural changes in oat meal as a function of pan heating parameters.  
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3.3 MATERIALS AND METHODS 
3.3.1 Fitted Model 
Stress relaxation data can be interpreted through the Maxwell model, which includes a Newtonian 
dashpot to describe the viscous behavior of fluids and a Hookean spring to represent the elastic 
behavior of ideal solids in series as illustrated in Fig. 3.1. However, since this model does not 
include an equilibrium stress, it is not suitable for viscoelastic solids. This problem can be 
overcome by the addition of an individual Hookean spring to a Maxwell element in parallel. The 
generalized Maxwell model, which consists of several Maxwell elements in parallel with a spring 
as described in Fig. 3.1, can better explain the viscoelastic behavior of food materials. The sum of 
the stress in each element generates the total stress in this system when constant strain is applied 
(Steffe, 1996). 
A generalized Maxwell model describing the viscoelastic behavior of a solid food material can be 
written using the Prony series as: 




45 678 																																																								(3.1) 
where N denotes the number of Maxwell elements and !-, !0 and (0 are coefficients of the 
generalized Maxwell model. !- is the equilibrium stress or stress at the infinite time, !0 is the 
stress coefficient of the ith element of the Maxwell model, and (0 is the relaxation time of the 
Maxwell element that is also expressed as the time required for stress in an element to decay to 1/e 
(36.8%) of its original value. !(*) describes the decaying parameter of relaxation modulus at any 





where	=(*) is stress as a function of time and >- is the applied constant strain during the stress 
relaxation test.  
3.3.2 Materials and Sample Preparation 
The oat flakes were obtained from a local market. Based upon information listed on the package 
label, it was calculated that they were composed of 8% fats, 73% carbohydrates, and 13.5% 
proteins on dry basis. They were stored at room conditions in original packages before their use in 
experiments. Cylindrical shapes of oat flake pastes with dimensions of 5 cm diameter and 13 mm 
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height were prepared by heating them in boiling water for 1 min and molding. The specific weight 
of oat flakes before and after cooking was found to be 0.372±0.016 and 0.987±0.033 g/ml, 
respectively. Next, samples were frozen at -20˚C for one day prior to the freeze-drying process. 
Then, the samples were freeze-dried for 48 hours. To modify the moisture content of the samples, 
they were conditioned using different salt solutions. The ACS reagents of magnesium nitrate 
(Mg(NO3)2), potassium iodide (KI), and potassium nitrate (KNO3) were obtained from Fisher 
Chemical (Fair Lawn, NJ, USA). Magnesium chloride (MgCl2) and potassium chloride (KCl) were 
bought from VWR Life Science (Solon, OH, USA). Sodium chloride (NaCl) crystals were 
obtained from Sigma-Aldrich Chemical Co. (Steinheim, Germany). The equilibrium relative 
humidity values for various salt solutions (Greenspan, 1977) are listed in Table 3.1. 
To eliminate microorganism growth in the samples, 99% thymol (Acros Organics, Geel, Belgium) 
was added to desiccators with relative humidity greater than 70%. After the samples in five 
desiccators reached a constant weight, the moisture content of the samples was measured. Three 
replicates were used for each measurement. 
3.3.3 Moisture Determination 
For rapid moisture measurement, a moisture analyzer (OHAUS MB35, Parsippany, NJ, USA) was 
calibrated against a hot air convection oven. The samples were frozen using liquid nitrogen and 
the resulting samples were ground with a grinder. The ground powder was spread over the pan and 
placed into the moisture analyzer. The moisture analyzer heated the samples up to 130˚C until 
there was no change in their weight. The moisture meter-based measurements were converted to 
oven-based values based on AOAC Method No. 925.10 (AOAC, 2000).  
AOAC Method No. 925.10 (AOAC, 2000) applies to flour, semolina, all kinds of grains, and cereal 
products. To obtain oven-based moisture values, oat flakes were placed in pans and heated in a 
drying oven at 130˚C for one hour. The change in weight was recorded after the temperature of 
the samples decreased to room temperature.  
3.3.4 Stress Relaxation Measurements 
Stress relaxation measurements were performed using Texture Analyzer (TA HD plus, Texture 
Technologies Corporation, Surrey, UK). These experiments were conducted at room temperature 
by putting conditioned oat flake pastes between plate and probe. A cylindrical probe with 5 cm 
diameter was used in compression mode to perform the stress relaxation tests. Before testing, 
weight calibration was performed with a 5 kg load. After the calibration procedure, stress 
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relaxation measurements were performed at a 1.5 mm/s pre-test speed, 2.8 mm/s test speed, and 5 
mm/s post-test speed with 60 sec holding time at a constant 1.5% strain level. This holding time 
to maintain the imposed strain was determined as 60 sec based on preliminary experiments by 
observing the time needed for the decay of stress. Trigger force for the measurements was set as 
3g. Relaxation modulus values were calculated from the analysis of force and elapsed time under 
constant strain level using eqn. 3.2. Five replications were performed at each moisture level shown 
in Table 3.1. 
3.3.5 Data Analysis 
The Gauss-Newton algorithm was used to calculate the parameters of the generalized Maxwell 
model. One-, two-, and three-element Maxwell models were investigated to obtain the best-fitting 
expression with high coefficient of determination (R2) and low root mean square error (RMSE). 
The model parameters were determined using R (R Core Team, 2016). 
3.4 RESULTS AND DISCUSSION  
One of the most significant challenges when studying mechanical properties of food samples is 
the nonlinear viscoelastic properties of the samples. (Mariotti, Lucisano, Pagani, & Ng, 2009) 
stated that the stability of a sample is directly related to the length of the linear viscoelastic region, 
because linearity is an indication of a well-dispersed and stable system. The linear viscoelasticity 
region of the oat flakes is shown in Fig. 3.2 as stress versus strain plot. The linear viscoelasticity 
of the oat flakes continued up to a certain point and collapsed after that point. The figure shows 
that the linear viscoelasticity region of the oat flakes existed up to a strain level of 2% (R2 = 0.9026 
at 1.5% strain). Therefore, stress relaxation tests were performed by applying maximum strain of 
1.5%.  
Fig. 3.3 shows stress relaxation function,	!(*), at six different moisture content levels. The 
relaxation curves indicated a gradual decrease in relaxation modulus at all moisture levels when a 
constant strain level was applied. This reveals that oat flakes show viscoelastic behavior. Also, the 
relaxation modulus increased as the moisture content of the oat samples decreased (Fig. 3.3). This 
can also be explained by the well-known phenomenon of water acting as a plasticizer in cereal 
biopolymers. As the moisture content of the samples increased, the viscous behavior of viscoelastic 
oat flakes increased and made them suppler. This plasticizing effect has also been observed in 
other grains such as soybeans (Liu et al., 1990) and barley (Bargale & Irudayaraj, 1995). Yildiz et 
al. (2013) examined the effects of oat fibers on stress relaxation behavior of starch systems and 
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noted that these fibers contribute to a system with desirable functional properties such as texture 
improvement, structural consistency, and water retention.  
The stress relaxation curve shifted downward as moisture content increased. The initial stress in 
oat flakes decreased from 0.208 to 0.0065 MPa as moisture content increased from 9.5% to 40.5% 
(db), which means relaxation modulus was highly dependent on moisture level. This finding shows 
that moisture content plays a significant role to affect stress coefficient and relaxation time, which 
was also indicated in the study of Figueroa et al. (2011). The required time to reach asymptotic 
equilibrium region was observed to be less than 60 sec in this study. However, other research 
indicated that more than 100 sec were required to observe stress relaxation until asymptotic 
equilibrium was reached for different cereals. Figueroa et al. (2011) found this required time to be 
100-120 sec for soft wheat kernels while Hernandez et al. (2012) reported this value as 315-439 
sec in stress relaxation of hard wheat kernels. The differences between studies could be attributed 
to chemical and structural differences between grains such as higher fiber content of oat, and the 
ratio of low and high molecular weight glutenin, which are expected to cause changes in textural 
properties.  
The Gauss-Newton algorithm was used to obtain various parameters for eqn. 3.1. Different 
numbers of Maxwell elements were tried during the curve fitting process, and the best fit was 
determined according to high R2 and low RMSE (Table 3.2). The behavior of oats’ complex food 
structure could not be expressed using a single-element Maxwell model, which was confirmed by 
the low R2 and high RMSE. The addition of a Maxwell element to the single-element model 
resulted in an increase in R2 and decrease in RMSE. However, incorporation of another Maxwell 
element to obtain a three-element Maxwell model caused little change in R2 and RMSE values. 
Although the three-element Maxwell model had slightly higher R2 (>0.999) and lower RMSE 
values when compared with the two-element model, the three-element model was not chosen for 
analysis to avoid overfitting to data and unnecessary increase in the number of parameters. 
Overfitted models show poor predictive performance since they overreact to minor fluctuations in 
data. Therefore, the two-element Maxwell model was chosen in this study to interpret the 
viscoelastic behavior of oat flakes. The R2 and RMSE for the model with 2-Maxwell element were 
within the range of 0.992-0.997 and 7.6x10-5-37.6x10-5, respectively.  
Describing and predicting the stress with mathematical models have become important for 
understanding the behavior of foods. The composition of the samples, such as the presence of 
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starch or non-starch polysaccharides, affects the rheological, textural, and mechanical properties 
of foods (Bonnand-Ducasse et al., 2010). The following studies show that the textural behavior of 
food materials differ from each other, even if their structures have similarities. Therefore, each 
material requires viscoelastic models with different numbers of Maxwell elements. The study of 
Figueroa et al. (2011) on wheat kernels showed that a generalized Maxwell model with three-
Maxwell element provides important information to obtain quality data of wheat types at different 
moisture and strain levels. The findings of Shen-Miller & Masuda (1973) indicated that a four-
component Maxwell model with three parallel Maxwell units and a spring was able to explain the 
relationship between the heterogeneous nature of cell walls and mechanical properties of oat 
coleoptiles. Pappas et al. (1988) proposed that a one-element Maxwell model without a spring in 
parallel could explain the viscoelastic behavior of cowpeas. Liu et al. (1989)  modeled the 
mechanical properties of soybean cotyledons with a two-element Maxwell model without a spring 
element (@-). However, a spring element was needed to explain the viscoelastic behavior of 
soybean seedcoats (Liu et al., 1990).  
The coefficients of the two-element Maxwell model used to describe the viscoelastic behavior of 
oat flakes are shown in Table 3.3. The residual component of the model !- was highly dependent 
on the moisture level of the samples. A rapid decreasing trend in !- was observed as the moisture 
content of the samples increased. A similar observation has been made by Liu et al. (1989) for 
soybean cotyledons. The elastic components of the Maxwell model (!# and !') show the indirect 
measurements of the samples’ elastic properties (Yildiz et al., 2013). According to the studies of 
Fiszman, Costell, Serra, & Duran (1986) and Yildiz et al. (2013), one Maxwell element (!# and 
(#) can be used to explain the basic cellular structure of food systems. However, since most foods 
have complex composition and interactions may occur between different components, the 
viscoelastic behavior of oat flakes could not be explained with a single-element Maxwell model, 
which was supported by low R2 and high RMSE. Additional Maxwell elements were needed to 
describe the viscoelastic behavior of oat flakes.  
The results show that there is a decreasing trend in !# and !' values obtained from the model with 
an exception, which was observed at 22.93% moisture content. Therefore, it could be concluded 
that higher moisture content generally decreased the oat flakes’ resistance to deformation, which 
means less stress was needed to deform the material to the same strain level. The studies of Lopez-
Perea et al. (2012) and Yildiz et al. (2013) on barley kernels and wheat, respectively, to understand 
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the effects of fibers on relaxation behavior indicated similar findings. A significant point to be 
noted here is that the magnitudes of !# and !'	for the same moisture level were similar, which 
shows the internal structure of the samples changed slightly or remained unchanged during the 
stress relaxation test.  
The relaxation time (τ) is another important component of the Maxwell model. The results 
presented in Table 3.3 show that (# values of the model showed fluctuations as moisture content 
increased. In comparison, (' values of the model decreased as moisture content increased with the 
exception of the first set. In general, it can be stated that a decreasing trend was observed in the 
second relaxation time component. Higher moisture content samples relaxed faster than the lower 
ones. Yildiz et al. (2013) indicated that softening of samples due to moisture results in several 
structural changes, such as the decrease in viscosity of cell walls and polysaccharide entanglement. 
These effects can directly lead to increasing the ability to dissipate energy, which further causes 
shortening of relaxation time. Two relaxation mechanisms can be observed from the relaxation 
time values: one at a longer time ((#=39.37-55.96 s) and the second at a shorter time (('=1.67-
2.53 s). Similar relaxation time mechanisms have been reported for barley kernels (Bargale & 
Irudayaraj, 1995), wheat kernels (Figueroa et al., 2011; Hernandez et al., 2012), and hydrated gel 
protein (Li, Dobraszczyk, & Schofield, 2003). In addition, the information on relaxation time 
allows for calculating the Deborah number (AB = (/*-) where *- is the duration of the experiment. 
This dimensionless number gives valuable information about the viscoelastic behavior of a 
material. AB ≫ 1, AB ≪ 1, and AB ≈ 1 represent elastic solid, viscous fluid, and viscoelastic 
behavior, respectively (Sozer & Dalgic, 2007). The results of the present study showed that 
although AB was close to 1 for the first relaxation time, it was very small for the second relaxation 
time. Therefore, it can be stated that the first Maxwell element reflected viscoelastic behavior of 
oat flakes while the second element presented the viscous behavior. 
3.5 CONCLUSIONS 
The linear viscoelastic region of oat flakes was observed at strain levels of less than 2%. The 
relaxation curves show that a gradual decrease in relaxation modulus has been observed at all 
moisture levels with constant strain level. The behavior of oat flakes was thermodynamically and 
hydro-rheologically viscoelastic due to plasticization of oat flakes with the increase in moisture 
content. The stress relaxation function was highly dependent on moisture content, and a decrease 
was observed as moisture content increased, which implies that structure and composition of the 
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material played a significant role to affect relaxation stress and time. The Gauss-Newton algorithm 
in non-linear Maxwell equations was used to obtain the analytical expressions for the viscoelastic 
behavior of oat flakes, and a two-element Maxwell model was able to describe the decay behavior. 
There was a decreasing trend in	!-, !# and !' as moisture level increased, which can be associated 
with higher resistance of oat flakes to the relaxation of stresses at lower moisture levels. Higher 
moisture content samples relaxed faster than the lower ones as a result of the softening process, 
which is expected to have caused various changes in oat structure such as alterations in secondary 
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Figure 3.3 Stress relaxation curves for oat meal at different moisture content levels (■: 9.54%, ♦: 

























Table 3.1 Equilibrium relative humidity and resulting equilibrium moisture content for salt 
solutions at 25˚C 
Salt Equilibrium Relative 
Humidity (%) 
Resulting Equilibrium 
Moisture Content (%) 
Magnesium chloride (MgCl2) 32.78 ± 0.16 9.54 ± 0.15 
Magnesium nitrate (Mg(NO3)2) 52.89 ± 0.16 12.55 ± 0.28 
Potassium iodide (KI) 68.86 ± 0.24 17.10 ± 0.22 
Sodium chloride (NaCl) 75.29 ±0.12 22.93 ± 0.36 
Potassium chloride (KCl) 84.34 ± 0.26 29.50 ± 0.50 
Potassium nitrate (KNO3) 93.58 ± 0.55 40.69 ± 1.03 
 
Table 3.2 R2 and RMSE values for one-, two-, and three-element generalized Maxwell models 
 1-element 2-element 3-element 
MC (db) R2 RMSE R2 RMSE R2 RMSE 
9.54 0.9473 125.6x10-5 0.9953 37.6x10-5 0.9994 13.5x10-5 
12.55 0.9619 65.8x10-5 0.9969 18.8x10-5 0.9996 6.6x10-5 
17.10 0.9636 55.2x10-5 0.9970 15.7x10-5 0.9996 5.9x10-5 
22.93 0.9622 57.7x10-5 0.9970 16.1x10-5 0.9996 5.7x10-5 
29.50 0.9304 63.5x10-5 0.9924 20.9x10-5 0.9990 7.6x10-5 
40.69 0.9257 25.3x10-5 0.9934 7.6x10-5 0.9992 2.6x10-5 
 
Table 3.3 Estimated parameters of two-element generalized Maxwell model 
MC (db) GH(MPa) IH(s) GJ(MPa) IJ(s) GK(MPa) 
9,54 0.018108 45.4587 0.018055 2.0755 0.162246 
12,55 0.012065 55.7501 0.008775 2.5305 0.111383 
17,10 0.010183 52.0119 0.007435 2.4951 0.085652 
22,93 0.010651 55.9571 0.007724 2.3989 0.053132 
29,50 0.007595 39.3669 0.006649 1.7202 0.022314 
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SELECTED PHYSICAL AND VISCOELASTIC PROPERTIES OF STRAWBERRIES 
AS A FUNCTION OF HEATED-AIR DRYING CONDITIONS‡ 
4.1 ABSTRACT 
The effect of drying conditions on physical and viscoelastic properties of strawberries was 
investigated. Drying followed falling rate drying period, indicating that internal resistances limited 
the water transport within the matrix. Increasing drying temperature and duration led to lower color 
values, moisture content, and volumes. Strawberries presented linear viscoelastic behavior up to 
2.5% strain. Drying caused lower relaxation and higher creep due to the loss of stiffness and 
structural deformation. Burger’s and three-element Maxwell models were well-fitted to describe 
creep (R2 = 0.971-0.989) and relaxation (R2 ≥ 0.999) behaviors of strawberries, respectively. The 
first Maxwell element demonstrated the viscoelastic behavior of strawberries (DM# = 0.54-1.51) 
while the second and the third elements exhibited the viscous behavior (DM' = 0.069-0.205, DMN = 
0.009-0.047). Strawberries presented solid-like behavior since tan delta (G''/G') was lower than 
one for all samples. 
Keywords: strawberries, drying, viscoelastic, stress relaxation, creep 
4.2 INTRODUCTION 
Strawberries are highly valuable in the human diet due to the antioxidant properties of phenolic 
compounds such as ellagic acid and anthocyanins, which present anti-aging, anti-cancer, anti-
inflammatory, and anti-neurodegenerative effects (Gamboa-Santos, Megias-Perez, et al., 2014; 
Wojdylo, Figiel, & Oszmianski, 2009). Therefore, their use in the food industry has expanded as 
a result of the increased desire of the population to incorporate more products with high antioxidant 
capacity into their diets. However, strawberries are highly perishable and vulnerable to microbial 
and chemical deterioration due to their delicate structure, which makes their shelf life very short 
(Agnieszka & Andrzej, 2010; Doymaz, 2008). Therefore, they should be processed to preserve the 
quality attributes such as texture, color, and nutrient content if they are not consumed directly after 
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harvest. Various methods have been proposed in attempts to preserve these attributes such as 
ultrasound (Szadzinska, Kowalski, & Stasiak, 2016), infrared irradiation (Adak, Heybeli, & 
Ertekin, 2017), and modified atmosphere packaging (Yun et al., 2017). Although some advance 
drying methods like freeze-drying (Orak et al., 2012), radio frequency drying (Jiang, Shen, Zhen, 
Li, & Zhang, 2018), and microwave drying (de Bruijn et al., 2016) provide products with well-
preserved aroma, taste, shape, and nutrients, convective hot air drying is still the most preferred 
drying technique in the food industry due to ease of control, high production yield, and low energy 
consumption.  
Despite these advantages, simultaneous heat and mass transfer make the process complicated. 
Various mechanisms such as diffusion, capillary flow, and flow due to shrinkage effect and 
pressure difference play roles in water transfer throughout the structure. Internal resistance limits 
water transfer during the process, due to characteristics of the material and external resistance 
which are in turn caused by the formation of boundary layer limit (Gamboa-Santos, Montilla, 
Carcel, Villamiel, & Garcia-Perez, 2014). Besides, high temperature and long drying time cause 
quality loss such as changes in color, degradation of nutrients, and structural complications like 
case hardening, non-uniformity, and shrinkage (de Bruijn & Borquez, 2014). Therefore, it is 
necessary to study the physical and mechanical properties of strawberries to understand the effects 
of drying on these quality attributes.  
Although much research has provided information on chemical composition, color, the coefficient 
of diffusivity, and dehydration kinetics of strawberries, there is insufficient information on 
viscoelastic properties. Since viscoelastic properties provide significant insights regarding 
textural, structural, and sensorial attributes, they can be used to determine the acceptability of a 
product by consumers (Oikonomopoulou & Krokida, 2012). Jansson, Howells, & Swenson (2006) 
indicated that both the organization of the material and the cell structure change at macroscale and 
microscale during drying, causing irreversible and significant variations in viscoelastic properties. 
Contreras, Martin-Esparza, Chiralt, & Martinez-Navarrete (2008) reported that strawberries 
presented viscoelastic behavior with higher deformability after drying according to their puncture 
test. Oikonomopoulou & Krokida (2012) measured the compression parameters of freeze-dried 
samples. Sette, Saluatori, & Schebor (2016) investigated the firmness or crunchiness of 
raspberries, which have a structure very similar to that of strawberries, and indicated that the air-
dried samples required higher force than freeze-dried samples due to the crust formation on their 
surfaces. The study of Meda & Ratti (2005) on the effect of rehydration showed that rehydration 
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caused a significant decrease in firmness values. However, there is no published research on the 
stress relaxation and creep behavior of strawberries, and the effect of frequency. Therefore, in this 
study, we aimed to research these properties of strawberries. Additionally, although most studies 
in the literature addressed the effects of processing conditions on quality attributes at the end of 
the drying, these effects have not been investigated as the drying progresses. Therefore, another 
objective of this research was to examine the impacts of drying as a function of drying time instead 
of at the end. This knowledge can be utilized to optimize the drying process; to improve product 
quality regarding color, texture, and nutrient content; and to create mathematical models 
describing drying process.   
4.3 MATERIALS AND METHODS 
4.3.1 Materials and Drying Procedure 
The fresh garden strawberries (Fragaria x ananassa) having an average length and diameter of 46 
mm and 32 mm, respectively were bought from a local market and stored at 4ºC until drying. They 
were cut into slices with 6 ± 0.5 mm thickness and 21 ± 2 mm diameter. Strawberries were exposed 
to hot water without any chemicals at 70ºC for 3 minutes as blanching process to eliminate 
enzymes causing browning and to improve the quality attributes. The samples were separated 
homogenously over a pan before drying. Drying was performed at 50, 60, and 70 ºC, considering 
color and nutrient retention, up to 8 h with an environmental chamber (Associated Environmental 
Systems, Ayer, MA, USA), which provides an air flow of 5.15 m/s perpendicular to pans and can 
control the relative humidity and the temperature. Relative humidity of the environment was kept 
at 40% during the drying experiments.  
4.3.2 Drying Profile Analysis  
A calibration curve between the moisture analyzer (OHAUS MB35, Parsippany, NJ, USA) and 
AOAC Method No. 934.06 (AOAC, 1990) was created for rapid measurements. Liquid nitrogen 
was used to freeze the samples and the frozen samples were ground with a grinder. The samples 
ground with a grinder were spread over the pan of moisture analyzer and heated to 70ºC. The 
samples were kept inside the moisture analyzer until they reached a constant weight. Then, the 
result was converted to oven-based values with the calibration curve. Seven replications were 
carried out for this analysis. The changes in moisture content, drying rate, and moisture ratio were 
investigated. Drying rate (DR)(Doymaz, 2015) and moisture ratio (MR)(Xiao, Gao, Lin, & Yang, 






where MQ and MQS∆Q (kg water/kg solids) are the moisture content of the sample at time t and t +





where M, MW, and M- are the moisture content at time t, the equilibrium moisture content, and the 
initial moisture content, respectively.  
4.3.3 Color Analysis 
The most common classifications used to express the color parameters of a surface are RGB and 
CIELAB color spaces since these model spaces works in a very similar way to human visual 
system. Therefore, a LabScan XE colorimeter (HunterLab, Reston, Va., USA) was used to measure 
the CIELAB color space parameters (L*, a*, and b*) of strawberries. For each drying condition, 
after calibration using a white and a black surface provided by the manufacturer to set the reference 
point in the software, six replications were carried out for each condition. Each measurement was 
the average of four locations on the top and four locations on the bottom surface of the same 
sample.  
4.3.4 Shrinkage 
Liquid displacement method was performed to measure the volume of samples. The samples were 
immersed in toluene and volume change was determined with a deviation of 0.5 ml. The 
measurements were done at room temperature (25 ºC). Then, the shrinkage of samples was 





where V- and VZ are the initial and final volume of strawberries, respectively. The averages and 
standard errors of eight replications were reported.  
4.3.5 Creep Behavior 
The creep behavior of strawberries was studied using a dynamic mechanical analyzer (Q800series, 
TA Instruments, New Castle, DE, USA). For better contact between the compression clamp and 
the samples, the preload force was determined as 0.001 N. A constant load of 0.003 MPa was 
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applied during the creep behavior study. The measurements were done at the same temperature 
with drying. Soak time, creep time, and recovery time were chosen as 0.5, 3, and 0.5 min, 
respectively. Creep compliance (mm2/N) values were reported as a function of temperature and 
moisture content. Five replications were performed for each condition.  
4.3.6 Stress Relaxation Measurements 
The dynamic mechanical analyzer was used to conduct the stress relaxation measurements. The 
samples were put between the compression clamps of the instrument, and a 0.001 N of preload 
force was applied to samples for better contact between the attachment and the samples. 2% strain 
level was chosen as the deformation level after the linear viscoelastic region was determined. 0.5 
and 3 min were selected as the soak time and the relaxation time, respectively, for the analysis. 
Relaxation modulus (MPa) of samples were reported as a function of temperature and moisture 
content. Five replications were carried out during this analysis for each condition.   
4.3.7 Fitted Models 
Burger’s model, including Maxwell and Kelvin-Voight elements in series, was used to express the 
creep behavior data of strawberries. A Kelvin-Voight element has a Newtonian dashpot and a 
Hookean spring connected in parallel while a Maxwell element includes these components 
connected in series. The general expression of Burger’s model can be given as follows. 







where J-, J#, λaWQ, µ- are the instantaneous compliance, the compliance of Voight component, the 
retardation time, and the viscosity, respectively.  
The stress relaxation data of strawberries was explained using the generalized Maxwell model, 
which consists of Maxwell elements and a spring connected in parallel. The general expression of 
this model can be written as follows (Ozturk & Takhar, 2017). 
																																																																G(t) = G- +/Ge
f
e2#
e4Q gh8 																																																							(4.5) 
where N indicates the number of Maxwell elements, G-, Ge, and τe are the equilibrium stress, the 
stress coefficient, and the relaxation time of the ith element of the generalized Maxwell model, 
respectively. The number of Maxwell elements were determined according to the coefficient of 
determination (R2), the root mean square error (RMSE), and Bayesian information criterion (BIC). 
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Nonlinear fitting using R (R Core Team, 2016) was implemented to determine the model 
parameters of models.   
4.3.8 Frequency Sweep Tests 
Frequency sweep measurements were performed at drying temperature (50, 60 or 70 ºC) as the 
frequency was altered from 1 Hz to 100 Hz. The soak time, the preload force, and the initial 
amplitude were selected as 0.5 min, 0.01 N, and 1 μm respectively. The storage (G') and loss (G'') 
modulus values were measured as a function of frequency and temperature. The means and the 
standard errors of six replicates were reported for this analysis.  
4.3.9 Statistical Analysis 
The statistical analysis of the results was performed by analysis of variance (ANOVA) and 
Tukey’s comparison tests (p≤0.05) using Minitab (Version 16, Minitab Inc.). Significant 
differences between the values were reported with different letters.  
4.4 RESULTS AND DISCUSSION  
4.4.1 Drying Profiles 
The drying profiles of strawberries at different drying temperatures are presented in Figure 4.1. 
The moisture content of raw strawberries was found as 9.34 ± 0.17 kg water/kg solids. As expected, 
the increase in temperature resulted in a faster decrease in moisture content (Fig. 4.1A) due to 
higher heat absorption arising from the vapor pressure difference between the sample and air, 
which led to shorter drying time to decrease the moisture content of the sample to desired limits. 
For example, the required time to reduce the moisture content to 0.1 (kg water/kg solids) was 
approximately 8 h for drying at 50 ºC while it was less than 6 h at 70 ºC. The alteration in drying 
rate is demonstrated in Figure 4.1B. Due to advanced heat absorption, the higher drying 
temperature resulted in a higher drying rate, meaning faster water removal from the structure due 
to facilitated diffusion. The results show that all drying process occurred in falling rate period 
without any indication of constant rate period. Similar observations have been indicated in other 
studies on strawberries (Akpinar & Bicer, 2006; Alvarez et al., 1995; Gamboa-Santos, Montilla, 
et al., 2014). The lack of constant rate drying might be associated with both the absence of enough 
water on the sample surface and the limited water transfer from internal structures to boundaries. 
Constant rate is observed when the water inside the material feeds the surface with enough water 
to compensate the evaporation effect. The falling rate period observed through drying infers that 
the internal resistances limited the water transport in the structure (Contreras et al., 2008). 
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Shrinkage and the decrease in porosity due to high temperature during drying might be the reasons 
behind higher internal resistance and consequent lower drying rates.  
4.4.2 Color Parameters 
Color is always one of the most important criteria for consumers since it represents the visual 
appearance and the general quality of a product. The images and the color parameters of 
strawberries dried at different temperatures are presented in Figure 4.2 and Table 4.1, respectively. 
All color parameters exhibited a decreasing trend over drying time as moisture content decreased, 
except parameter b* for its last data point. The evaporation of water, the formation of new 
compounds due to degradation of carotenoids and browning reactions, and structural changes 
might be the reasons behind these decreasing trends in color parameters. One of the main reasons 
in change of color parameters could be the agglomeration of compounds due to the effect of 
shrinkage. Since the compounds get closer during the process due to volume loss, the surface color 
of the strawberries presented different values. In addition, food discoloration during drying can be 
attributed to the condensation of amino compounds and the oxidation of ascorbic acid (Aversa, 
Curcio, Calabro, & Iorio, 2012). Drying temperature was highly influential on color. Drying at 
50ºC caused a 12-13% decrease in parameters L* and b* and drying at 70ºC led to 23-27% lower 
values than fresh samples. On the other hand, the most affected parameter was parameter a* 
(redness). The decrease in this parameter altered from 30.1% to 39.7% as the temperature was 
increased from 50ºC to 70ºC. The degradation of anthocyanins, related to red color like cyanidin-
3-glucoside and pelargonidin-3-glucoside (Contreras et al., 2008; Orak et al., 2012), with high 
drying temperature or time might cause faster decrease in parameter a*. de Bruijn & Borquez 
(2014) indicated that air drying promotes oxidation reactions, making anthocyanins more 
vulnerable. Orak et al. (2012) reported that freeze-drying resulted in better samples than air drying 
by preserving their lightness and redness, probably due to lack of heat treatment. Szadzinska et al. 
(2016) showed that the combination of different techniques, for example microwave and 
convective drying, might lead to lower discoloration.  
4.4.3 Shrinkage 
The change in stress in the structure of a food due to heating and loss of water during drying leads 
to dimensional changes and volume reduction, which is one of the most valuable physical 
properties regarding quality and texture (Sette et al., 2016). The shrinkage data of strawberries, 
dried at different drying temperatures, is represented in Table 4.1 as a function of drying time. An 
increase in both drying temperature and duration resulted in lower sample volumes and the 
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statistical analysis showed that there was a significant difference, in most cases, between samples 
(p < 0.05). Besides, the analysis performed to understand the relationship between moisture loss 
and shrinkage showed that there was a strong linear correlation between them (R = 0.946). This 
result shows that collecting data throughout the process instead of only collecting it at the end can 
explain the structural change in strawberries over time, which also affects the mechanical and 
textural properties. Gamboa-Santos, Montilla, et al. (2014) and Raghavan & Silveira (2001) 
presented similar results. Gamboa-Santos & Campañone (2018) indicated that the structural 
collapse due to water removal might be prevented by impregnation of fruits with biopolymers 
before drying process. Sette et al. (2016) compared the shrinkage effect of air and freeze-drying 
and observed that freeze-drying caused much less shrinkage than air drying. They indicated that 
although the material shrinkage is a result of water removal from the structure, which leads to a 
pressure difference between internal and external, the changes in dimensions and shape depend on 
drying method.  
4.4.4 Creep Behavior 
The creep compliance curves, J(t), of strawberries dried at different temperatures are exhibited in 
Figure 4.3. The creep behavior of all samples presented similar shapes: an instantaneous increase 
at the beginning, followed by a time-dependent region and a plateau. These three parts represent 
elastic, viscoelastic, and viscous deformation on a sample, respectively (Xu, Xiong, Li, & Zhao, 
2008). Although the compression in the first part results in reversible changes on structure, the 
force applied during the last period causes permanent damage in sample tissues, and only partial 
recovery might be observed (Sandhu & Takhar, 2015). Fresh strawberries presented the lowest 
creep compliance value. Drying caused higher deformation, and, correspondingly, strawberries 
dried for longer durations showed higher creep compliance values. This result indicates that fresh 
samples had harder structure compared to the soft, flexible, and spongy structure of dried samples. 
Therefore, drying caused an increase in creep compliance values. Besides, the samples dried at a 
higher temperature resulted in higher deformation level than samples at the same drying duration 
with lower temperature. These findings show that creep behavior of strawberries was highly 
dependent on drying conditions. The changes in moisture content after different drying durations 
and temperatures might affect the viscoelastic properties like creep behavior.  
Nonlinear fitting was used to fit the experimental creep compliance data into Burger’s model. The 
estimated parameters of samples at different drying conditions are presented in Table 4.2. The 
results show that a good representation of experimental data was obtained by Burger’s model (R2 
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= 0.971-0.989, RMSE = 1.109-6.246). As expected, J# increased as either drying temperature or 
drying duration was increased, indicating higher deformation on samples.  The samples exhibited 
similar λaWQ values, meaning that the viscoelastic behavior of samples was maintained for similar 
durations and they showed comparable viscoelastic characteristics despite different drying 
conditions. k-, the viscosity of the samples, in general, showed a decreasing trend as drying 
duration was increased.  
4.4.5 Stress Relaxation  
Stress relaxation measurements were conducted after the linear viscoelastic region of dried 
strawberries was determined since the stress beyond this region might cause irreversible structural 
changes and affect textural properties. The preliminary result showed that the linear viscoelastic 
region of strawberries continued up to 2.5% (R2 = 0.917). Therefore, for the following 
measurement, 2% strain level was chosen as the controlled variable. Stress relaxation modulus, 
G(t), of samples dried at different conditions are presented in Figure 4.4. All samples showed an 
instantaneous modulus increase at the beginning until the compression reached desired strain level 
and a gradual decrease over time, indicating the viscoelastic behavior of samples. The fresh 
strawberries had the highest relaxation modulus values. Drying shifted the curves downward as 
drying progressed due to loss of stiffness and deformed structure of strawberries. de Bruijn & 
Borquez (2014) indicated that hot air drying of strawberries produced samples with lower 
mechanical resistances as a result of the changes in the cell wall, the damage of tissues, and the 
loss of hydrostatic pressure throughout the structure. The samples dried at a higher temperature 
also led to lower relaxation modulus due to enhanced deformation effect with high heat. This 
finding reveals that relaxation modulus was highly dependent on drying conditions and the 
structure of samples. There can be two reasons behind the shifts in relaxation modulus values at 
the same drying temperature. The first and the obvious one is the plasticization effect of moisture. 
In addition to that, glass transition might have affected the stress relaxation of the samples (Ozturk 
& Takhar, 2018). Moraga, Martinez-Navarrete, & Chiralt (2004) investigated the glass transition 
temperature of strawberries as moisture content was changed. They reported that it increased from 
-55°C to 65°C when the moisture content of the samples decreased from 30% to 9% on wet basis. 
They also fitted Gordon-Taylor model to their experimental results and the glass transition 
temperature of strawberries was reported to be around 63°C at monolayer moisture content (9.5-
9.8 g water/100 g solids). This reported glass transition temperature value is also consistent with 
the glass transition temperatures of different sugars such as sucrose, glucose, and trehalose 
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(between 30-100°C) (Simperler et al., 2006). These compounds constitute the primary part of the 
dry matter in strawberries. Since the drying process in this study was performed around this 
temperature, glass transition is expected to have affected the stress relaxation behavior of 
strawberries. The changes in structure due to change in moisture content affected stiffness and 
hardness of the samples, which can be correlated to textural properties like chewiness and 
gumminess. Ciurzyńska et al. (2018) indicated that below glass transition temperature, the samples 
presented higher crispness as response to structural changes. By collecting data during the process, 
both moisture content of the samples can be decreased to a desired level and more preferred 
textural properties and quality attributes can be obtained. 
To understand and explain the stress relaxation behavior of strawberries, the experimental data 
was fitted into one-, two-, and three-element Maxwell models. The number of Maxwell elements 
were determined according to highness of R2 and lowness of RMSE, and BIC values (Table 4.3). 
The results showed that the model with three-element was superior compared to others (R2 ≥ 0.999, 
RMSE ≤ 2. 69x10-5) since it had more elements to describe the behavior of different components. 
In addition, 3-element model presented the lowest BIC values, which also shows that it was more 
suitable to represent the stress relaxation behavior of strawberries and the addition of the third 
Maxwell element did not cause overfitting. Only BIC value of 2-element model for the sample 
dried at 70ºC for 4h was slightly lower than 3-elemet model of the same sample. However, to 
maintain consistency in fitted model, 3-element model was selected for all reported stress 
relaxation property prediction. The estimated parameters of three-element Maxwell model are 
presented in Table 4.4. All stress coefficients (G#, G', GN, and G-) presented a decreasing trend 
with a few exceptions, as either drying temperature or drying duration was increased. Ozturk & 
Takhar (2017) emphasized that elastic properties of a sample can be expressed using elastic 
components (G#, G', and GN). The decreasing trend in these components shows that drying led to 
lower resistance against the force applied due to structural changes and loss of stiffness. On the 
other hand, there was no relation or trend observed in time components of the model (τ#, τ', and 
τN) and they showed fluctuations with varying drying conditions. In addition, the relaxation 
mechanisms of strawberries were investigated considering relaxation time data and Deborah 
number (DM = τ/t-, t- is the experiment duration). Three relaxation mechanisms were observed: 
one at a longer span (τ# = 97.31-271.60 s), one at a medium span (τ' = 12.39-36.89 s), and one at 
a shorter span (τN = 1.71-8.41 s). According to Deborah number, the first Maxwell element due to 
the first relaxation time (τ#) reflected the viscoelastic behavior of strawberries since DM was around 
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one for this element (DM# = 0.54-1.51). On the other hand, the second and the third elements of the 
model due to their shorter relaxation time components presented viscous behavior since DMs were 
far smaller than one (DM' = 0.069-0.205, DMN = 0.009-0.047).  
4.4.6 Frequency Sweep 
Although frequency sweep test has not been conducted on fruits and vegetables commonly, 
Ditudompo, Takhar, Ganjyal, & Hanna (2013) and Li, Li, Wang, Ozkan, & Mao (2010) studied 
the frequency dependence of cornstarch and potatoes, respectively. Figure 4.5 presents the storage 
(G') and loss (G'') moduli values of strawberries dried at different conditions. The samples 
presented similar shapes of curves. The deformation rate is affected by frequency, which is 
inversely proportional to time. As frequency was increased, both storage and loss moduli increased 
for all samples. The samples were relatively soft and showed low moduli values at low frequencies 
since they had enough time to relax while they were hard and presented high values at high 
frequencies due to lack of time to respond. This behavior means that more deformation energy was 
stored within the structure at high frequencies whereas energy release occurred at low frequencies. 
For all samples, the loss modulus values were lower than the storage modulus values throughout 
the entire frequency range, meaning that the loss tangent (tan delta = G''/ G') was lower than 1. 
This behavior indicates that elastic characteristics of the samples dominated the viscous ones, and 
raw and dried strawberries presented a solid-like behavior. As fresh strawberries had the highest 
moduli values, these values decreased as drying duration was increased, meaning lower 
magnitudes over time. On the other hand, although there were some exceptions like the sample 
dried at 60°C for 1 h, the samples dried at different temperatures presented similar moduli values 
for the same drying duration.   
4.5 CONCLUSIONS 
This chapter summarizes the effects of drying conditions on the physical and mechanical properties 
of strawberries, not only at the end of the drying process but also during the progression of drying. 
This way, more information was obtained about the drying of strawberries, which would help in 
improving industrial drying through improved quality, optimized processing conditions, and 
prolonged shelf life. Our results showed that for all temperatures, the falling rate was the only 
observed period, indicating that water transport was restricted by internal resistances throughout 
the matrix due to shrinkage. Collecting the data throughout the process instead of only collecting 
it at the end revealed that there was a strong correlation (R = 0.946) between moisture loss and 
shrinkage during the entire process. Both drying temperature and duration led to lower color values 
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for strawberries, probably due to degradation of anthocyanins like cyanidin-3-glucoside and 
pelargonidin-3-glucoside, and structural changes. Drying shifted the creep and relaxation curves 
upward and downward, respectively, due to loss of stiffness and the deformed structure of samples 
during drying, showing that the mechanical properties were highly dependent on drying 
temperature and especially drying duration. Burger’s model (R2 = 0.971-0.989, RMSE = 1.109-
6.246) three-element Maxwell model (R2 ≥ 0.999 and RMSE ≤ 2. 69x10-5) were well-fitted to creep 
and stress relaxation data. For all samples, the storage modulus values were higher than the loss 
modulus value (tan delta = G''/ G' < 1), indicating that strawberries maintain their solid-like 
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Figure 4.1 Moisture content (A), drying rate (B), and moisture ratio (C) data at different drying 

















Figure 4.3 Creep data for raw and dried strawberries at different temperatures: A-50°C, B-60°C, 








Figure 4.4 Stress relaxation data for raw and dried strawberries at different temperatures: A-50°C, 







Figure 4.5 Storage and loss moduli of raw and dried strawberries at different temperatures: A-










Table 4.1 Moisture content, color parameters (L*, a*, and b*), and shrinkage data of strawberries 
dried at different temperatures 











L* a* b* Shrinkage 
Raw - 9.34 ± 0.17a 34.74 ± 1.39a 26.05 ± 1.84a 14.26 ± 0.84a - 
50 
1 5.15 ± 0.14b 33.16 ± 1.20ab 23.40 ± 0.94b 13.78 ± 0.93abc 0.26 ± 0.07e 
2 3.87 ± 0.13d 32.57 ± 1.35abc 22.14 ± 1.22b 13.40 ± 0.60abcd 0.38 ± 0.09de 
3 3.05 ± 0.10ef 31.76 ± 1.51bcd 19.46 ± 0.77cde 12.52 ± 1.05abcde 0.50 ± 0.08cd 
4 2.32 ± 0.09g 30.47 ± 1.08ef 17.69 ± 1.00efg 12.43 ± 0.50bcde 0.63 ± 0.06b 
60 
1 4.38 ± 0.13bc 33.93 ± 1.31ab 23.22 ± 1.23b 13.31 ± 0.89abcd 0.32 ± 0.08e 
2 3.02 ± 0.11e 32.44 ± 1.26abc 21.18 ± 1.12bcd 12.33 ± 0.90cde 0.48 ± 0.07cd 
3 2.07 ± 0.08g 29.93 ± 1.17de 18.79 ± 0.87def 11.87 ± 1.00de 0.60 ± 0.05bc 
4 1.43 ± 0.07h 28.95 ± 1.01hi 16.63 ± 0.86fg 10.97 ± 1.15e 0.68 ± 0.06ab 
70 
1 3.59 ± 0.09c 33.34 ± 0.92ab 23.33 ± 1.36b 14.11 ± 0.81ab 0.48 ± 0.09d 
2 2.04 ± 0.06f 29.03 ± 1.09ef 21.26 ± 1.47bc 12.49 ± 0.93bcde 0.59 ± 0.04bcd 
3 1.21 ± 0.04h 26.58 ± 1.41fg 18.51 ± 1.39ef 10.99 ± 0.86e 0.67 ± 0.05ab 
4 0.76 ± 0.03h 25.52 ± 1.24g 15.71 ± 1.21g 10.82 ± 0.91e 0.76 ± 0.07a 
Note: The means and standard errors of seven, six, and eight replicates for moisture content, color 
parameters, and shrinkage, respectively. Different letters in the same column represent significant 









lH (μPa-1) mnop (s) qK (Pa.s) lK (μPa-1) rstu rJ 
Raw - 27.735 0.845 15.522 0.104 1.109 0.980 
50 
1 40.587 0.874 7.746 0.197 1.922 0.978 
2 51.516 0.770 9.461 0.123 1.903 0.981 
3 82.650 0.913 5.520 0.421 3.374 0.979 
4 93.392 0.884 4.858 0.408 3.687 0.980 
60 
1 57.686 0.899 5.065 0.316 2.866 0.977 
2 96.429 1.106 3.598 1.252 5.585 0.974 
3 121.999 0.964 3.147 0.880 5.901 0.973 
4 130.682 0.914 2.574 0.698 5.628 0.976 
70 
1 76.895 1.122 5.329 0.932 3.776 0.972 
2 93.914 1.482 6.263 2.829 6.246 0.971 
3 127.657 0.956 4.661 0.771 4.956 0.978 




Table 4.3 R2, RMSE, and BIC values for one-, two-, and three-element generalized Maxwell models 
Sample 
R2 RMSE BIC 
1-element 2-element 3-element 1-element 2-element 3-element 1-element 2-element 3-element 
raw 0.9651 0.9989 0.9999 1.10E-03 1.99E-04 2.69E-05 -182.5 -238.4 -304.6 
50°C – 1h 0.9782 0.9993 0.9999 4.90E-04 8.67E-05 1.50E-05 -211.7 -268.3 -325.7 
50°C – 2h 0.9838 0.9997 0.9999 2.76E-04 3.38E-05 4.16E-06 -232.4 -302.2 -371.8 
50°C – 3h 0.9785 0.9995 0.9999 2.82E-04 4.17E-05 5.81E-06 -231.6 -294.7 -359.8 
50°C – 4h 0.9822 0.9997 0.9999 1.88E-04 2.13E-05 2.68E-06 -246.3 -318.9 -387.7 
60°C – 1h 0.9765 0.9993 0.9999 2.87E-04 4.69E-05 7.11E-06 -231.0 -290.4 -352.5 
60°C – 2h 0.9714 0.9991 0.9999 2.00E-04 3.45E-05 6.13E-06 -244.0 -301.4 -357.9 
60°C – 3h 0.9721 0.9993 0.9999 7.26E-05 1.15E-05 2.35E-06 -280.5 -341.0 -392.4 
60°C – 4h 0.9786 0.9998 0.9999 3.51E-05 2.61E-06 6.80E-07 -306.6 -394.4 -437.0 
70°C – 1h 0.9729 0.9995 0.9998 2.09E-04 2.73E-05 1.70E-05 -242.3 -309.9 -321.1 
70°C – 2h 0.9745 0.9994 0.9999 1.93E-04 2.79E-05 3.63E-06 -245.3 -309.1 -376.8 
70°C – 3h 0.9779 0.9992 0.9997 8.81E-05 8.50E-06 1.15E-06 -273.5 -351.9 -418.0 









!"(MPa) #"(s) !$(MPa) #$(s) !%(MPa) #%(s) !&(MPa) '()* '$ 
Raw - 0.01495 117.40 0.00922 12.39 0.08158 1.71 0.01447 2.69x10-5 0.9999 
50 
1 0.00811 110.10 0.00552 13.49 0.02179 2.02 0.00976 1.50x10-5 0.9999 
2 0.00521 168.70 0.00342 21.81 0.00407 4.69 0.00363 4.46x10-6 0.9999 
3 0.00401 97.31 0.00332 13.93 0.00597 2.75 0.00322 5.81x10-6 0.9999 
4 0.00332 152.10 0.00209 19.91 0.00244 4.67 0.00147 2.68x10-6 0.9999 
60 
1 0.00522 151.40 0.00327 16.10 0.00516 2.90 0.00353 7.11x10-6 0.9999 
2 0.00385 134.90 0.00199 13.73 0.00472 2.23 0.00192 6.13x10-6 0.9999 
3 0.00182 150.90 0.00070 15.12 0.00131 2.73 0.00046 2.35x10-6 0.9999 
4 0.00063 169.00 0.00027 21.05 0.00041 5.94 0.00016 6.80x10-7 0.9999 
70 
1 0.00441 271.60 0.00229 12.90 0.00216 2.74 0.00058 1.70x10-6 0.9998 
2 0.00286 232.30 0.00186 17.73 0.00268 3.44 0.00026 3.63x10-6 0.9999 
3 0.00109 188.80 0.00071 19.07 0.00102 4.71 0.00006 1.16x10-6 0.9999 
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MULTISCALE MODELING OF MOISTURE TRANSPORT COUPLED WITH 
QUALITY CHANGES: THEORETICAL CONSIDERATIONS AND DRYING IN 
STRAWBERRIES  
5.1 ABSTRACT 
Hybrid mixture theory-based multiscale fluid transport equations were solved for drying of 
strawberries to predict the moisture and stress distribution and quality attributes. The fluid 
transport equation used contains a non-Fickian term that includes the effect of glass transition on 
moisture transport. A transformation between Eulerian and Lagrangian coordinates was used to 
incorporate the shrinkage effect. Good agreements between the experimental and the predicted 
values of moisture content (R2≥0.985), color parameters (R2≥0.958), and volume changes 
(R2≥0.871) were obtained. As the drying temperature approached the glass transition regime, 
especially at the boundaries, the moisture profiles became sharper, indicating non-Fickian 
transport. Drying at 70℃ caused higher loss of quality attributes; it provided samples with lower 
color parameters, especially in parameter a, and ascorbic acid content. Higher drying temperature 
resulted in greater shrinkage and deformation throughout the structure, leading to cracks and 
openings through the structure and faster degradation in quality attributes.  
Keywords: drying, strawberries, moisture transport, multiscale, hybrid mixture theory, non-
Fickian 
5.2 NOMENCLATURE 
!"   the moisture dependent shift factor 
!#  the temperature dependent shift factor 
!$  water activity 
%&  relaxation parameter (m3s/kg) 
%'   Biot number 
(  Guggenheim’s constant 
)*  diffusion coefficient of the α-phase (m2/s) 
+̂	
. *   the net rate of mass transfer from the β-phase to the α-phase (kg/m3s) 
/0  apparent activation energy (J/mol) 
/""   the time derivative of the strain tensor (1/m) 
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12  the equilibrium stress (Pa) 
13  the stress coefficient of the mth element of the Maxwell model (Pa) 
4   the determinant of the Jacobian matrix 
5  the correction factor related to adsorption heat of multilayer 
5627   the reference reaction rate constant for ascorbic acid degradation (1/s) 
568  the reaction rate constant for ascorbic acid degradation (1/s) 
9   moisture content (d.b.) 
90:;  average moisture content (d.b.) 
9<  moisture content on the surface (d.b.) 
=  the universal gas constant (J/mol.K) 
=>  coefficient of determination  
=9?/  root mean square error 
@  temperature (ºC) 
@627  the reference temperature for ascorbic acid degradation (ºC) 
AB
*,<   the Eulerian velocity of the α-phase relative to the solid phase (m/s) 
AD
*,<   the Lagrangian velocity of the α-phase relative to the solid phase (m/s) 
E3   monolayer moisture content (kg water/kg solid) 
Greek symbols 
F*  the volume fraction of the α-phase 
F<̇   material time derivative with respect to the solid phase 
H*   the density of the α-phase (kg/m3) 
I   the displacement coefficient  
J(L)  the stress relaxation function 
N3
O  the relaxation time of the mth element of the Maxwell element (s) 
Superscripts 
P  solid phase  
Q  water phase 
Special symbols 
)</)L	 the material time derivative with respect to the solid phase particles  
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SA   Eulerian volume of the material (m3) 
ST  Lagrangian volume of the material (m3) 
∇B  the spatial gradient in Eulerian coordinates 
∇D  the material gradient in Lagrangian coordinates 
5.3 INTRODUCTION 
Drying is one of the most commonly used processes in the food industry since it provides many 
benefits to consumers and producers such as longer shelf-life, improved taste and appearance, and 
decreased costs including transportation, storage, and processing (Cao, Zhang, Qian, & Mujumdar, 
2017; Xiao, Gao, Lin, & Yang, 2010). Although drying seems simple, complex mass and heat 
transfer mechanisms such as diffusion, convective-diffusive heat flow, capillary flow, and Darcy 
flow occur during the process (Gamboa-Santos, Montilla, Carcel, Villamiel, & Garcia-Perez, 
2014; Kumar, Sarkar, & Sharma, 2011; Medina-Torres, Gallegos-Infante, Gonzalez-Laredo, & 
Rocha-Guman, 2008). On the other hand, high drying temperature and quick moisture evaporation 
during the process might lead to some undesirable changes in the structure and quality attributes, 
such as color loss, distorted structure due to shrinkage, and damage to nutrients (de Bruijn & 
Borquez, 2014; Tello-Ireland, Lemus-Mondaca, Vega-Galvez, Lopez, & Di Scala, 2011). Due to 
these factors, it is necessary to investigate the effects of drying conditions on products.  
Although drying has been extensively studied by researchers in the past, optimum drying 
parameters and strategies change according to the product. Experimental studies only define the 
properties of a specific product for specific conditions. Unfortunately, the experimental methods 
are challenging and vastly complex since geometry, dimensions, physical properties, stress 
distribution, and many other factors affect the drying process. On the other hand, plentiful data can 
be generated with numerical simulations, which can compensate for the limitations of experimental 
studies. Although a considerable number of studies has been conducted on water transport, many 
of them only consider Fick’s law. Time-independent components emerging from the viscoelastic 
behavior of the material have been neglected (Ozturk & Takhar, 2018). Since the diffusion 
characteristics change according to the state of material and its viscoelastic behavior, complex 
mechanisms occurring during drying process, like glass transition and the effect of stress 
distribution, should be incorporated into the models (Takhar, 2008). Therefore, in this study, 
hybrid mixture theory (HMT)-based multiscale model developing governing equations to define 
the general transport mechanisms and physical changes in porous materials (Singh, Cushman, & 
Maier, 2003a) was employed for drying process. In this theory, the microscale and mesoscale 
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equations can be used to obtain macroscale equations as described by Bennethum and Cushman 
(1996) and Singh et al. (2003b). This theory allows incorporating the effect of viscoelastic 
relaxation on fluid transport by upscaling the mechanisms occurring at the lower scales to 
macroscale. The advantage of this approach is the capability of using experimental data obtained 
directly at the macroscale, which makes it easier to validate the model and also saves 
computational time since microscale equations require significant time to be solved (Takhar, 
2014).  
The objectives of this study were to use the multiscale fluid transport equation described by Singh 
et al. (2003a) and Takhar (2014) to predict the moisture distribution in strawberries, selected as 
the representative product, to solve the viscoelastic stress equation (Christensen, 1982) to predict 
the stress distribution occurring during the drying process and to couple the quality attributes such 
as color parameters, shrinkage, and ascorbic acid content with fluid transport equation and predict 
their distribution throughout the sample. In this study, the scheme of the multiscale fluid transport 
equation is solved for strawberries. Also, since drying causes shrinkage during the process, a 
scheme to transform the equations from Eulerian (moving) coordinates to Lagrangian (stationary) 
coordinates is presented. For the prediction of viscoelastic stress data, the relation explaining strain 
development as a result of shrinkage throughout the process is adopted from Takhar (2011). 
Finally, after the validation of the model with experimental results presented in Chapter 4, the 
model results regarding moisture and stress distributions are discussed. The model is also coupled 
with kinetic equations to show the changes in the quality parameters of strawberries. The solved 
model would allow determining the optimum processing conditions to obtain improved product 
quality and prolongation of the shelf-life for food products with better preservation, higher nutrient 
retention, and optimum storage conditions. In addition, finding optimum processing conditions 
would lead to a reduction in energy consumption and operational costs in the plants by the 
adaptation of simulation results to the processing systems, which will provide better forecasting. 
5.4 THEORETICAL CONSIDERATIONS 
5.4.1 Assumptions 
The following assumptions were made throughout the study to solve the solution scheme.  
• During drying, strawberries were assumed to undergo uniform shrinkage; thus, strawberries 
remained geometrically similar throughout the process. 
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• The material points were assumed not to rotate in the angular direction (ϴ) during volume 
change, so the volume change happened only in r- and z-direction. 
• In each differential volume, the amount of shrinkage was assumed to be equal to the volume 
of water lost. The changes due to other factors (thermal and structural) were not taken into 
account.  
• The moisture was assumed to be uniformly distributed inside strawberries initially. 
• Due to lack of information on viscoelastic properties at very low moisture content, the stress 
modulus values measured with experiments were extrapolated at these levels.  
• The stress magnitude was zero in the initial state because strawberries were assumed to be 
stress-free in the beginning. 
• Negligible external resistance was assumed due to high airflow (5.15 m/s) and smaller sample 
dimensions (21 mm diameter and 6 mm thickness). So, the boundaries reached equilibrium 
moisture content immediately. Therefore, the Dirichlet boundary condition was used instead 
of the Neumann boundary condition. 
• Relaxation parameter, %&, was calculated using the asymptotic behavior of the ratio )/1(L). 
5.4.2 The Fluid Transport Equation 
Hybrid mixture theory-based multiscale fluid transport equation of Takhar (2014) was used to 















where )</)L and F<̇ represent the material time derivatives with respect to the solid phase. F* and 
F< are the volume fraction of the α-phase and solid phase, respectively. H* is the density of the α-
phase, ∇B is the spatial gradient in Eulerian (moving) coordinates, AB*,< is the Eulerian velocity of 
the α-phase relative to the solid phase according to the generalized Darcy’s law, and +̂	. * is the net 
rate of mass gained by the α-phase from the b-phase. For saturated transport, the right-hand side 
of the equation can be taken as zero, +̂	. * = 0. Thus, the equation for water-phase can be written 











Z 	= 0																													(5.2) 
where velocity term, AB$,<, can be expressed with simplified form of generalized Darcy law 
(Takhar, 2014) as follows:  
																																																												AB
$,< = −F$()$∇BF
$ + %&∇BJ)																																												(5.3) 
where )$ is the coefficient of diffusivity for water, %& is the relaxation parameter, and J is the 
stress relaxation function. The first term in eqn. (5.2) and the term containing diffusivity part in 
generalized Darcy law (eqn. (5.3)) are the Fickian components of the model. The stress term (J) 
in eqn. (5.3) includes the effect of viscoelastic relaxation.  
5.4.3 Conversion from Eulerian to Lagrangian Coordinates 
During drying, shrinkage occurs because of moisture loss. Therefore, the drying process involves 
solving the moving boundary problem. The system of equations can be transformed from moving 
Eulerian (spatial) coordinates to stationary Lagrangian (material) coordinates as it is easier to 
obtain the solution in the latter. It was assumed that the solid phase of the material is 
incompressible at microscale. The differential volume (SA) in deformed material is related to the 
initial undeformed differential volume (ST) as follows (Eringen, 1980):  
																																																																											SA = 4ST																																																																								(5.4)	 
where 4 is the determinant of the Jacobian matrix. For a saturated system, it can be written as 






where Fg$ is the volume fraction of water at time 0, F$ is the volume fraction of water at time t. 








When a cylinder in Lagrangian coordinates is transformed to a cylinder in Eulerian coordinates or 
vice versa, the shape of the strawberries was assumed to remain geometrically similar (i = I=, k =
Im, Si = IS=, !oS	Sk = ISm) and the material points were assumed not to rotate in angular 












= I = 4p/q																																																	(5.7) 








Using the chain rule, the relation between gradient operator in Eulerian and Lagrangian 

































which expresses the relation between the Eulerian coordinates and the Lagrangian coordinates. 
5.4.4 Fluid Transport Equation in Lagrangian Coordinates 
















Z 	= 0														(5.11) 
where  
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The stress relaxation function in this equation can be expressed using the following integral 
expression containing the time derivative of the strain tensor (/"") (Christensen, 1982):  























The time-dependent integral equation in stress term (J) as described in eqn. (5.13) can be 
converted to differential equations using Laplace transformation as described by Takhar (2011) 












The constants in eqn. (5.15),  13 and N3
O, can be estimated by fitting the generalized Maxwell 
model (eqn. 5.16) (Steffe, 1996) into experimental data: 












where 12 is the equilibrium stress. 13 and N3
O are the stress coefficient and the relaxation time of 
the mth element of the Maxwell model, respectively. !" and !# are the moisture and temperature 
dependent shift factors, which are merged with N3 by rescaling (eqn. (5.17)).  
5.4.5 Initial and Boundary Conditions 
Initially, the moisture inside the raw strawberries was assumed to be homogenously and uniformly 
distributed, such that the initial condition for moisture transport equation was:  
																																																																												F$(L = 0) = Fg
$																																																								(5.18) 
The general moisture transport equation (eqn. (5.11)) was defined using the volume fraction of 
water. The following equation can be used to convert volume fraction (F$) to actual moisture 





The initial volume fraction of strawberries was calculated to be 0.897 when the initial moisture 
content of strawberries was taken as 9.34 kg water/kg solids as reported in Chapter 4. Dirichlet 
type of boundary condition was assigned for the moisture transport equation after the Biot number 
(Bi) calculation. Since Bi changed between 800k-1850k, which is much higher than 100, the 
external resistance was almost negligible due to high air flow (5.15 m/s) and small sample 
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dimensions (6mm thickness x 21mm diameter). Therefore, the moisture content at the surface can 
be used as a boundary condition since the boundaries reached the equilibrium moisture content 
very quickly due to negligible external resistance. Due to this fact, the GAB model constants 
reported by de Bruijn and Borquez (2014) for the desorption of strawberries were used to calculate 
the surface moisture content from the following equation:  
																																																												9< =
E3(5!$
(1 − 5!$)(1 − 5!$ + (5!$)
																																					(5.20) 
where E3 is the monolayer moisture content (0.075 kg water/kg solid), ( is Guggenheim’s 
constant, and 5 is the correction factor related to adsorption heat of the multilayer. de Bruijn and 
Borquez (2014) reported the values of ( and 5 as 17.45 and 1.078, respectively. !$ is the water 
activity and was taken as 0.4 since the experimental data in Chapter 4 was used to validate the 
model and they conducted the drying experiments at that relative humidity level.  
For the stress equation defined in eqn. (5.13), the stress magnitude was zero in the initial state 
because strawberries were assumed to be stress-free in the beginning (Jg = 0).  
5.4.6 Input Parameters and Material Properties 
Since the microscale equations were upscaled to macroscale equations during the derivation of 
transport equation by Singh et al. (2003a) and Takhar (2014), the experimental properties, 
coefficient of diffusivity ()), relaxation parameter (%&), and parameters of stress relaxation 
equation (13	!oS	N3
O) are needed at the macroscale. Doymaz (2008) investigated the effect of 
drying temperature on diffusivity of strawberries. Their data was converted into an equation 
describing the diffusivity of strawberries as a function of temperature. Additional variables, such 
as density of water and density of carrots, are also required to solve the model equations. The 
physical properties required to solve the transport equations are presented in Table 5.1.   
The coefficients (12, 13, !oS	N3
O) of stress relaxation term (J) in eqn. (5.16) were obtained using 
the data reported in Chapter 4. A master curve defining stress relaxation behavior of strawberries 
as a function of moisture content and temperature was created and then the generalized Maxwell 
equation was fitted to obtain the coefficients. These coefficients and the shifting factors (!" and 
!#) were listed in Table 5.2.   
Relaxation parameter %& was determined as explained by Takhar (2011). Since the materials 
present elastic, solid-like behavior at glass transition, stress function (1(L)) reaches to a constant 
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value at this region. Due to decrease of flow in this region, coefficient of diffusivity approaches to 
zero, which makes the calculation of the relaxation parameter from the following relation (%& →
)/1). Strawberries are expected to be in the glassy state around 60-65℃  when the moisture 
content decreases to below 9% (wb) (Moraga, Martinez-Navarrete, & Chiralt, 2004). Therefore, 
the temperature value for the calculation of %& was determined as 55℃ to make sure they were in 
the glassy state. Then, the relaxation parameter (%&) was estimated as 4.213x10-12 m3s/kg for 
strawberries. On the other hand, Singh et al. (2004) explained that the estimation can also be done 
using the inverse method in which the drying curve is used to adjust the value of %&. In the current 
study, the estimation of the relaxation parameter was fully independent of the drying curve.  
5.4.7 Experimental Properties for Quality Attributes 
Verbeyst et al. (2013) studied the degradation of ascorbic acid in strawberries and explained that 
ascorbic acid degradation can follow two different pathways: aerobic and anaerobic. In aerobic 
reaction, ascorbic acid (AA) first turns to dehydroascorbic acid (DHAA) and then turns to some 
other compounds (X). However, in the anaerobic degradation, ascorbic acid directly turns to other 
compounds. The reaction rates and activation energies for these reactions are different from each 
other. Therefore, to estimate the degradation of ascorbic acid in strawberries during the drying 
process, both reactions should be taken into consideration. The kinetics of ascorbic acid 
degradation can be estimated using first-order kinetic model for strawberries:  
																																																												[ÖÖ] = [ÖÖg]+áà(−568L)																																																								(5.21) 
where [ÖÖ] is the ascorbic acid content at time L, [ÖÖg] is the initial concentration of ascorbic 
acid, and 568 is the reaction rate constant. However, as stated above, since ascorbic acid 
degradation follows two different pathways, the reaction rate constant used in the model should 
consider both pathways. Verbeyst et al. (2013) found that 62.02% of ascorbic acid uses the aerobic 
pathway, whereas the remaining 37.98% follows the anaerobic pathway. The reaction rate constant 
can also be quantified by the activation energy (/0) using Arrhenius law as follows:  










where 5627 is the reaction rate constant at a reference temperature, @627 is the reference 
temperature, and = is the universal gas constant. Verbeyst et al. (2013) also reported 5p,627 and 
5>,627 as 0.0108 (min-1) and 0.0004 (min-1), respectively. /0p and /0> are 29330 and 172690 
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(J/mol). @627 is 100 ºC. The initial ascorbic acid content in strawberries was determined as 
616.6495 (mg/100 g solids) by Agar et al. (1997). 
For the color estimation with the model, the experimental color data in Chapter 4 was used. Their 
data was converted into equations as presented in Table 5.1, which can express both surface color 
and color throughout the structure, since the color equations were coupled with moisture content. 
5.5 SOLUTION METHODOLOGY  
2D axisymmetric geometry was created in COMSOL (Version 5.3a) for the simulations as shown 
in Fig. 5.1. Axisymmetric geometry was chosen considering symmetry in cylindrical geometry, 
which only takes a quarter of the whole geometry and saves computational time. The dimensions 
of the geometry were determined as 10.5 mm radius and 3 mm thickness, the same which were 
used in in Chapter 4, since the experimental data presented in their study was compared with the 
simulation results for the validation of the model. Mapped type of mesh containing 4800 domain 
elements and 280 boundary elements, getting denser towards the boundaries, was created since the 
moisture evaporation takes place at higher rates at these regions due to higher temperature. A 
MacBook Pro with 2.7 GHz Intel Core i7 and 16 GB RAM was used to run the simulations and 
analyze the data. The relative tolerance and absolute tolerance were selected as 0.01 and 0.1, 
respectively. To capture the effects of viscoelastic relaxation and the glass transition as described 
in transport equations, the highest step size during the simulation was determined as 5 s. The data 
was recorded every 30 s and the analyses on data were done on COMSOL and R software (R Core 
Team, 2016). For the validation parts, R2 and RMSE values were calculated to compare the 
experimental and the simulation data.  
5.6 RESULTS AND DISCUSSION 
5.6.1 Validation of Model Predictions 
After the simulations, the data predicted by the simulation at different spatial locations throughout 






Then, the experimental drying profiles presented in Chapter 4 for three drying temperatures (50, 
60, and 70℃) were compared to simulation results as shown in Fig. 5.2 to validate the model. 
Also, R2 and RMSE values presented in Table 5.3, higher than 0.985 and lower than 0.095, 
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respectively, were calculated to show the accuracy of the model. These values indicated that there 
is a good agreement between the experimental and simulation results. However, it should be noted 
that the predicted values presented slightly lower values than experimental data, which could be 
due to diffusivity equation obtained from the literature (Doymaz, 2008). Overall, the model is 
capable of determining various aspects of strawberries, including moisture and stress distribution, 
shrinkage due to drying process, the changes in color parameters, and ascorbic acid content. In the 
next sections, the results regarding these aspects are discussed in detail.   
5.6.2 Moisture Distribution 
Although the simulations were performed at three different drying temperatures, similar to the 
results in Chapter 4, only the 2D and 3D moisture profiles at 70 ºC drying as example images are 
shown in Fig. 5.3. As can be seen in Fig. 5.3A, the initial moisture content of strawberries was 
9.34 on dry basis and the distribution of moisture was assumed to be homogenous throughout the 
sample. As time passed, the moisture content of the sample decreased and the volume of the sample 
became smaller due to loss of moisture evaporation from the boundaries. The shrinkage effect can 
be seen from the figures easily, such that the colored part in the 2D and the 3D images became 
smaller over time. This effect was reflected to simulation with the moving boundary equation 
described by the transformation between Eulerian and Lagrangian coordinates. As expected, the 
center of the strawberries had the highest moisture content while the boundaries were observed as 
the region with the lowest moisture, since the moisture loss was very high at the boundaries. 
However, over time, the difference became smaller with the loss of the moisture from all over the 
sample, and more uniform distribution was obtained at the end of the process. Only falling rate 
period was observed in drying profile, suggesting that water transport was limited by the internal 
resistances (Contreras, Martin-Esparza, Chiralt, & Martinez-Navarrete, 2008). As will be 
discussed in the next sections, shrinkage occurring during the process might be attributed to such 
a profile (Doymaz, 2015). 
Since it is very hard to explain the moisture distribution from the scale bar provided in 2D and 3D 
images, additional moisture distribution plots were drawn (Fig. 5.4). These distribution plots can 
be used to estimate the behavior of the samples as well. Drying at temperatures higher than the 
glass transition temperature of strawberries, 63℃ at monolayer moisture content (9.5-9.8 g 
water/100 g solids) (Moraga et al., 2004), resulted in Fickian characteristics in drying curves such 
that round and smooth profiles were observed for drying at 70℃ (Fig. 5.4C) since the samples 
were at the rubbery state during the process. However, when the drying temperature decreased to 
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60 (Fig. 5.4B) and to 50℃ (Fig. 5.4A), the shape of the profiles changed and the sharpness of the 
profiles increased, which indicates that non-Fickian moisture transport occurred when the samples 
underwent glass transition. This finding supports the explanation of Singh et al. (2003) that 
moisture transport shows Fickian type in the glassy and rubbery regions and non-Fickian when 
glass transition is observed, especially as the boundaries directly underwent glass transition as 
shown by glass transition bands in Fig. 5.4, which affects the textural properties of the final 
product. Furthermore, as the glass transition was approached from the rubbery state, the 
contribution of the viscoelastic term in moisture transport increased due to increase in stress value, 
as will be discussed in the following section. Similar observations have been made by Takhar et 
al. (2011) on corn, Singh et al. (2004) on soybeans, Kim et al. (1996) on polystyrene, and Achanta 
et al. (1997) on gel containing corn starch and wheat gluten.  
5.6.3 Stress Profile 
Fig. 5.5 presents the stress distribution profile of strawberries exposed to hot air at various 
temperatures. In the beginning, the strawberries were assumed to be stress-free such that the 
magnitude of the stress at the beginning of the process was zero, as can be observed in Fig. 5.5. 
As drying continued, the stress started to increase throughout the sample due to compression. Also, 
for a given drying time, the stress was higher at the boundaries due to faster drying rates in these 
regions. As drying continued, the stress started to increase toward the center since shrinkage 
occurred and created a deformation. However, the stress at the boundaries was always higher than 
the stress at the center during the process. If the drying was allowed to continue for longer duration, 
the stress throughout the structure would reach a uniform magnitude, which was observed for 
drying at 70℃. As Fig. 5.4 shows with glass transition bands, which indicate the structural 
differences between the boundaries (glassy) and the center (rubbery), the stress distribution 
showed a higher difference throughout the structure at lower drying temperatures since glass 
transition was clearly observed at these temperatures. As discussed in the moisture distribution 
section, the surface moisture content was less than 0.1 on dry basis. Therefore, the spatial points 
near the surface transformed from the rubbery state to the glassy state when the drying process 
started, so viscoelastic stress was much higher near the surface. On the other hand, the spatial 
points towards the center were in the rubbery state since the structure remained in the rubbery state 
when the moisture content was higher than 9.5-9.8 g water/100 g solids. In comparison to stress 
on surface, stress became smaller toward the center since this part was still in the rubbery state. As 
time proceeded, more uniform viscoelastic stress profile was obtained throughout strawberries for 
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all drying temperatures due to uniform moisture content and, in turn, the change of the structure 
from a rubbery to glassy state.  
5.6.4 Color Parameters 
Fig. 5.6 presents the validation of color parameters comparing the experimental data in Chapter 4 
and the simulation result. Since the color data presented in in Chapter 4 was used to estimate them 
in the model, the accuracy of the model was very high as shown with high R2 (³ 0.958) and low 
RMSE (£ 0.407) values presented in Table 5.3. However, it should be noted that the experimental 
data and the model data in Fig. 5.6 only present the surface color of strawberries as a function of 
moisture content. On the other hand, as discussed in the previous sections, the moisture content 
and in turn the quality attributes change throughout the sample since homogenous and uniform 
drying was not possible. Therefore, after the validation of color parameters, the distribution from 
center to surface at different time domains was estimated with the model as represented in Fig. 
5.7. For this part, only the data regarding drying at 70 ºC is presented as an example. However, 
drying at 50 and 60 ºC also exhibit similar trends throughout the sample. In all drying temperatures, 
the higher drying rate on the surface resulted in higher color degradation at these regions, which 
led to a very quick decrease in all color parameters. On the other hand, the changes toward center 
were slight at the beginning and the changes became bigger over time. Compared to others, 
parameter a (related to redness) showed a higher change, probably due to the faster degradation of 
anthocyanins such as cyanidin-3-glucoside and pelargonidin-3-glucoside, linked to red color 
(Contreras et al., 2008; Orak et al., 2012). de Bruijn and Borquez (2014) showed that anthocyanins 
become more vulnerable as a result of oxidation reactions boosted with hot air drying. Also, 
structural changes like shrinkage would lead to color change through the sample.  
5.6.5 Shrinkage 
As explained in the assumptions section, the amount of volume change was assumed to be equal 
to the volume of water lost, and other factors were not considered in the equation used to define 
the shrinkage. Therefore, to investigate the accuracy of the shrinkage estimated with the model, 
the model shrinkage result was compared to experimental result presented in in Chapter 4 as shown 
in Fig. 5.8. The high R2 (³ 0.871) and the low RMSE (£ 0.07) values for this analysis show that 
there is a good agreement between them, meaning that the assumption made at the beginning was 
reasonable. However, it should be noted that although the simulation data presented very similar 
results with the experimental data at the beginning of the drying process, the accuracy became 
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lower as drying proceeded. As expected, at the beginning, the shrinkage was due to moisture loss 
and there was still enough moisture content inside the sample without causing pores throughout 
the structure. However, as the process continued, pores without moisture formed through the 
structure. Since the equation used in the model considers water loss as the only contributor to 
shrinkage, it calculated the water lost as a complete depression in the volume without considering 
closed pore formation. Therefore, the experimental data was lower than the model data at the later 
stages of the process.  
5.6.6 Ascorbic Acid Content 
The ascorbic acid content of strawberries was estimated using the equations in section 5.4.7. 
Serpen and Gökmen (2007) and Verbeyst et al. (2013) showed that the degradation kinetics of 
ascorbic acid follow the first order reaction. Fig. 5.9 shows the effect of drying temperature on 
ascorbic acid content as a function of drying time. As expected, the ascorbic acid content of 
strawberries decreased throughout the process for all drying temperatures, probably due to 
degradation of the compound subjected to heat. Although the time required for full degradation 
changes according to drying temperature, strawberries lost all ascorbic acid content after 4 h of 
drying. The decrease was faster for higher drying temperatures and slower for lower temperatures, 
which was also shown with D-values: 2.475 h at 50ºC, 1.783 h at 60ºC, and 1.308 h at 70ºC. Also, 
two degradation phases were observed: a fast decline in the first hour followed by a much slower 
degradation profile. This can be attributed to different pathways mentioned in section 5.4.7. Since 
the activation energy is lower and the reaction rate is faster for aerobic pathway, the ascorbic acid 
content that follows this type of pathways might happen very quickly. On the other hand, the 
anaerobic pathway requires higher activation energy and has a slower reaction rate, which slowed 
down the degradation of ascorbic acid that follows this pathway. A similar observation was made 
by Oey et al. (2008). 
5.7 CONCLUSIONS 
In this study, the fluid transport equation was coupled with kinetic equations representing quality 
attributes such as color, shrinkage, and ascorbic acid to observe the changes occurring throughout 
the structure. The results obtained with the simulations were in agreement with the experimental 
data presented in in Chapter 4. The model with its final version is not only capable of determining 
moisture content and quality attributes on the surface as presented in many studies but can also 
estimate the distribution of them throughout the structure. The results showed that the properties 
at the boundaries present very different characteristics than the spatial points toward the center 
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since the significantly higher drying rate at the boundaries resulted in quick changes. The role of 
glass transition on moisture transport and stress development was clearly observed during drying. 
Drying at temperatures higher than the glass transition temperature of strawberries (63℃ around 
9.5-9.8 g water/100 g solids) resulted in round and smooth profiles, indicating Fickian 
characteristics. However, drying in the vicinity of glass transition regime led to sharper moisture 
profiles, denoting non-Fickian moisture transport. Drying at 70 ºC led to bigger changes in color 
parameters and 2 h of drying was enough for full ascorbic acid degradation. Also, higher drying 
temperature due to faster drying rate resulted in greater shrinkage and deformation, which might 
lead to cracks and openings through the structure and faster decreases in quality attributes. 
Therefore, although lower drying temperatures require longer drying durations to reach the desired 
final moisture content, drying at lower temperatures might provide similar quality attributes to raw 
strawberries. In conclusion, the solution of the drying model would allow determining the optimum 
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Figure 5.1 Geometry and mesh of strawberries 
 
 










Figure 5.4 Moisture content distribution of strawberries from center to surface at A- 50 ºC, B- 60 








Figure 5.5 Stress distribution of strawberries from center to surface at A- 50 ºC, B- 60 ºC, C-70 







Figure 5.6 Comparison to experimental data for surface color parameters of strawberries at A- 50 








Figure 5.7 The distribution of color parameters in strawberries from center to surface at 70ºC (A- 








Figure 5.8 Comparison to experimental data for shrinkage of strawberries at 50, 60, and 70 ºC 
 
 




Table 5.1 Material properties used throughout the simulations  
















838.466 + 1.401@ − 3.011á10yq@> + 3.718á10yç@q 




at 50 ºC 
é = 27.38 + 1.649 − 0.091529>	(=> = 0.980)	
! = 10.17 + 3.802M − 0.2254M>	(R> = 0.986)	
ë = 10.39 + 0.9649M − 0.05884M>	(R> = 0.957)	




at 60 ºC 
é = 24.97 + 2.9859 − 0.20779>	(R> = 0.989) 
! = 12.26 + 3.529 − 0.21919>	(R> = 0.996) 
ë = 9.546 + 1.1719 − 0.071339>	(R> = 0.99) 




at 70 ºC 
é = 22.29 + 4.0639 − 0.29219>	(R> = 0.995)			 
! = 13.81 + 3.7749 − 0.26439>	(R> = 0.969) 
ë = 9.279 + 1.8359 − 0.13939>	(R> = 0.986) 






Table 5.2 Stress relaxation parameters for eqn. (5.16) determined by fitting data in Chapter 4 
Property Equation or value 
Stress coefficients, 13 (MPa) 
(see eqn. (5.16))   
1p = 0.001012@g (@ + 273)⁄ (9g 9⁄ ) 
1> = 0.002871@g (@ + 273)⁄ (9g 9⁄ ) 
1q = 0.003448@g (@ + 273)⁄ (9g 9⁄ ) 
1å = 0.001060@g (@ + 273)⁄ (9g 9⁄ ) 
1ì = 0.001243@g (@ + 273)⁄ (9g 9⁄ ) 
12 = 0.0004617@g (@ + 273)⁄ (9g 9⁄ ) 
Relaxation times, N3
O (s) (see 
eqn. (5.16))   
Np
O = 324.1/(!"!#) 
N>
O = 44.21/(!"!#) 
Nq
O = 6.655/(!"!#) 
Nå
O = 1216/(!"!#) 
Nì
O = 24870/(!"!#) 
!" exp(−3.867(9 −9g) − 0.2335) 
!# exp(0.125(@ − @g) − 0.15) 











L a b Shrinkage 
50 
R2 0.985 0.979 0.986 0.958 0.882 
RMSE 0.069 0.042 0.119 0.021 0.005 
60 
R2 0.987 0.989 0.996 0.989 0.871 
RMSE 0.073 0.052 0.045 0.013 0.007 
70 
R2 0.987 0.995 0.969 0.986 0.936 
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THE EFFECT OF DRYING CONDITIONS ON SELECTED PHYSICAL AND 
VISCOELASTIC PROPERTIES OF CARROTS 
6.1 ABSTRACT 
The effect of drying conditions on drying profile, color parameters, shrinkage, and dynamic 
viscoelastic properties was studied. An increase in drying temperature and duration led to a 
decrease in moisture content and volume. Water evaporation followed the falling rate drying, 
demonstrating that the water transport was limited by internal resistances. The decomposition of 
carotenoids resulted in a decrease in all color parameters, between 30.12-51.58% with 4 h drying. 
The creep behavior of carrots, expressed with Burger’s model (R2 ≥ 0.986), was highly dependent 
on moisture content. The linear viscoelastic region of carrots was found at strains lower than 3%. 
The three-element Maxwell model well-fitted to describe the viscoelastic behavior of carrots (R2 
≥ 0.999, RMSE ≤ 2.08x10-4). The storage moduli (G') were higher than loss moduli (G''), indicating 
that samples presented solid-like behavior. The findings can be used to improve the textural 
attributes and utilized in mathematical models describing drying.  
Keywords: carrots, drying, stress relaxation, creep behavior, textural properties, color, shrinkage  
6.2 INTRODUCTION 
Carrots are widely cultivated for their high content of fibers and carotenoids, which are essential 
bioactive compounds in the human diet (Sharma, Karki, Thakur, & Attri, 2012). These high 
amounts of carotenes, especially β-carotene, make the carrots an excellent source of vitamin A 
(Karacabey, Turan, Ozcelik, Baltacioglu, & Kucukoner, 2016). They are also an excellent source 
for α-tocopherol; minerals like calcium, magnesium, and phosphate; and vitamins such as 
thiamine, riboflavin, C, B6, and B12. Some studies have reported that carotenes may help to prevent 
cancer, decrease cardiovascular diseases, lower cholesterol levels, improve antioxidant activity, 
and maintain body functions (Sharma et al., 2012; Xiao, Gao, Lin, & Yang, 2010). The increased 
awareness of carrots’ beneficial health effects has increased their use in the food industry.  
Carrots are vulnerable to quality changes during shipping and storage due to high amount of water 
in their structure. Drying is one of the preferred methods to preserve the contents of carrots as it 
helps to minimize microbial activity; prevents biochemical, chemical, and physical deterioration; 
and decreases the costs of transportation, storage, and processing (Xiao et al., 2010). Hot air drying 
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is still very popular for drying of fruits and vegetables since it is a simple and economical technique 
(Link, Tribuzi, & Laurindo, 2017). It includes simultaneous heat and mass transfer mechanisms 
such as capillary flow, diffusion, and flow due to pressure gradient and volume change. However, 
high temperature and quick moisture loss cause undesirable changes in structure, nutritional 
attributes, and quality. Changes in color and taste, loss and development of flavor compounds, 
severe damage to nutrients, low rehydration capacity, and structural problems like shrinkage and 
case hardening are examples of unwanted effects of the drying process (Sette, Franceschinis, 
Schebor, & Salvatori, 2017; Zhou et al., 2016; Zielinska & Markowski, 2007). Due to these 
undesirable changes, it is essential to investigate the physical and mechanical properties and 
understand the effects of drying conditions on these properties.  
The mechanical properties of a product provide significant information related to structural and 
textural attributes, which can be used to determine consumer acceptability of a product. Although 
there is information on chemical composition and dehydration kinetics of carrots in the literature, 
the information on mechanical texture for carrots is lacking. Sanjuan et al. (2005) investigated the 
effects of stepwise blanching on texture of carrots. They found that pectin methyl esterase (PEM) 
could be activated and inactivated with consecutive low (65ºC) and high (95ºC) blanching steps, 
respectively, which would improve the textural properties. Marabi et al. (2006) carried out a 
sensory texture analysis on carrot particulates and reported that overall acceptability of hot air-
dried samples was affected by rehydration time. Markowski and Zielinska (2013) concluded that 
rehydrated carrots exhibited lower values than raw and blanched samples. However, the reported 
studies above have investigated only the effect of the rehydration process on mechanical properties 
after the actual drying. Therefore, the first objective of this study was to investigate the changes in 
mechanical properties directly arising from drying. In addition, past studies did not measure the 
changes in various quality attributes of carrots as a function of time as the drying progresses. The 
quality attributes were measured only for the final products at the end of drying. Therefore, the 
second objective of this study was to observe the effect of drying time on both mechanical 
properties and quality attributes such as color and shrinkage. This would allow the determination 
of the optimum drying to obtain improved product quality and prolongation of the shelf-life for 
products containing carrots. The findings also can be utilized in mathematical models describing 




6.3 MATERIALS AND METHODS 
6.3.1 Materials and Drying Procedure 
Fresh carrots (Daucus carota L.) were obtained from a local supermarket and stored at 4ºC. Sample 
preparation and drying procedure in Chapter 4 was used with slight modifications. Carrots were 
cut into cylindrical-shaped samples with 18 mm diameter and 4 mm thickness for the drying 
process. Blanching, without chemicals, was performed at 70ºC for 3 minutes. An environmental 
chamber (Associated Environmental Systems, Ayer, MA, USA) providing an air flow of 5.15 m/s 
at 40% relative humidity was used for drying of carrots up to 9 hours. Three drying temperatures 
(50, 60, and 70ºC) were selected to see the effect of drying temperature.  
6.3.2 Drying Profile Analysis 
For rapid moisture measurement, a moisture analyzer (OHAUS MB35, Parsippany, NJ, USA) was 
calibrated against a hot air convection oven based on AOAC Method No. 934.06 (AOAC, 1990) 
as described in Chapter 4. Seven replications were performed for each condition. From the 





where 9Ç (kg water/kg solid) is the moisture content at time L, 9Çñ∆Ç (kg water/kg solid) is the 
moisture content of the sample at L + ∆L, and ∆L is the time difference between the measurements. 
6.3.3 Color Analysis 
Similar to the experimental color measurements on strawberries, CIE L*, a*, and b* color values 
on the surface of dried carrots were measured using a LabScan XE colorimeter (HunterLab, 
Reston, Va., USA). For each drying condition, after calibration, L* (lightness), a* (greenness-
redness), and b* (blueness-yellowness) values were measured by averaging the values at four 
locations on the top and four locations on the bottom surfaces of carrots. Six replications were 
performed to obtain the averaged values of L*, a*, and b* for each condition.  
6.3.4 Shrinkage 
The volume of samples was measured by immersing the samples in toluene. Then, shrinkage 







where Tò and T7 are the initial and final volume of carrots, respectively. Total volume 
measurements were done at room temperature and eight replications were conducted for each 
condition.  
6.3.5 Analyses on Viscoelastic Properties  
Selected viscoelastic properties (creep behavior, stress relaxation, and frequency dependency) 
were measured using a dynamic mechanical analyzer (DMA) (Q800series, TA Instruments, New 
Castle, DE, USA) as described in Chapter 4 with slight modifications. Similarly, all viscoelastic 
measurements were conducted at the same temperature with drying. For fitted models to creep and 
stress relaxation behavior, the model parameters were determined by nonlinear fitting in R (R Core 
Team, 2016). 
6.3.5.1 Creep Behavior 
Similar to the procedure in Chapter 4, the preload force and load were kept as 0.01 N and 0.003 
MPa. However, soak time, creep time, and recovery time were determined as 0.5, 1.5, and 1.5 min, 
respectively, after preliminary tests since carrots reached to constant creep compliance values at a 
shorter time. Five replications were carried out for each drying condition.  
The creep data was expressed using Burger’s model, which can be given by the following equation: 







where 	ô(L) is the creep compliance value at a specific time, ôg is the instantaneous compliance, ôp 
is the compliance of Voight component, N62Ç is the retardation time, and ög is the viscosity.  
6.3.5.2 Stress Relaxation Measurements 
The procedure in Chapter 4 was followed for this analysis with a slight change on strain level, 
which was chosen as 2.5% after the determination of linear viscoelastic region (LVR) of carrots. 
The relaxation time to maintain the imposed strain was determined as 3 min based on preliminary 
experiments by observing the time needed for the decay of stress. Five trials were performed for 
each drying condition.  
The generalized Maxwell model, can be written as follows (Ozturk & Takhar, 2017), was used to 
explain the stress relaxation data of carrots.  










where N denotes the number of Maxwell elements, L is the time, /g is the equilibrium stress or 
stress at the infinite time, /ò, and Nò are the stress coefficient and the relaxation time of the ith 
element of the generalized Maxwell model, respectively. One-, two-, and three-element Maxwell 
models were investigated to obtain the best-fitting expression. 
6.3.5.3 Frequency Sweep Tests 
The procedure in Chapter 4 was followed for this analysis. Storage (G') and loss (G'') modulus 
values were reported as a function of frequency and temperature. The values reported represent 
averages of the six replications.  
6.3.6 Statistical Analysis 
Analysis of variance (ANOVA) was performed using MINITAB (Version 16, Minitab Inc.) to 
determine the significant differences between samples. In case of significant difference, Tukey 
single range test was applied for comparison. 
6.4 RESULTS AND DISCUSSION  
6.4.1 Drying Profiles 
Figure 6.1 presents the drying profiles of carrots at different temperatures. The initial moisture 
content of carrots was found as 7.52 ± 0.15 kg water/kg solid. The moisture content of carrots 
decreased faster with the increase in temperature (Fig. 6.1A) since higher temperature facilitated 
faster moisture removal due to higher heat absorption and higher vapor pressure difference. 
Therefore, the required time to reduce the moisture content to 0.1 on dry basis decreased from 8 h 
to 5 h as the temperature increased from 50°C to 70°C. The drying rate (Fig. 6.1B) increased as 
the drying temperature was increased. This means heat and mass transfer was favored and the 
water removal was sped up. Except for a very short heat-up period at 50°C drying, drying happened 
in falling rate period. The sample was usually at a colder temperature than its ultimate temperature 
in the beginning. Therefore, this heat-up period was the one where first the product and water 
inside the structure were heated up, then free water at the surface of the sample was vaporized. 
Similar to many other studies on carrots (Doymaz, 2004; Xiao et al., 2010; Zielinska & 
Markowski, 2007), the drying rate started to decrease and constant rate drying period was not 
observed. The absence of a constant rate drying period might be attributed to the rapid decrease in 
water content on the surface and the lack of enough moisture supply from inside to surface. This 
period, in normal, is detected when the water inside the structure feeds the surface with enough 
water, leading to constant water evaporation from the surface (Mulet, 1994). This result showed 
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that the drying process was limited by internal resistances. Doymaz (2015) indicated that the 
reduction in drying rate could be a consequence of shrinkage and the decrease in porosity, resulting 
in a higher resistance to water movement.  
6.4.2 Color Parameters 
Drying affects color parameters since this process leads to chemical changes such as browning 
reactions and the degradation of carotenoids (Zielinska & Markowski, 2012). Figure 6.2 and Table 
6.1 show the images and the changes in color parameters with moisture content at different drying 
temperatures, respectively. All color parameters decreased with the increase in drying time and 
consequent decrease in moisture content. The first 2 h of drying had a significant impact on the 
decline in color parameters, around 25% for parameters L* and a*, and 35% for parameter b*. 
However, this decreasing trend was slighter for drying after 2 h, approximately 17-19% for 
parameter L*, 10-20% for parameter a*, and 5-25% for parameter b*. On the other hand, the 
increase in drying temperature caused a further decrease in color parameters. The decreasing trends 
in lightness (L*), greenness-redness (a*), and blueness-yellowness (b*) could be due to rapid 
decomposition of α- and β-carotenoids and the formation of brown pigments due to thermal 
destruction of these critical components (Doymaz, 2015). Aversa et al. (2012) and Rajkumar et al. 
(2017) indicated that water evaporation, shrinkage, oxidation of ascorbic acid, caramelization, and 
condensation of hexoses and amino compounds resulted in changes in the composition of carrots, 
which affect color parameters. Also, agglomeration of compounds as a result of shrinkage effect 
might result in different color parameters. As will be discussed in the next section, the initial part 
of the process had a significant impact on volume loss and the compunds got closer to each other 
with this effect, which led to changes in color parameters. Doymaz (2015)’s study on the effect of 
infrared power and Xiao et al. (2010)’s study on the effects of air velocity reported similar 
decreasing trends even though the values showed differences. However, Zielinska and Markowski 
(2012) did not observe any decreasing trend in parameter L* contrary to our results. This might be 
attributed to the different dryer types used in these studies, as they used a spout-fluidized bed dryer 
and we used a hot air dryer. On the other hand, Aversa et al. (2012) observed an increase in L*, 
a*, and b* at drying temperatures below 70°C and claimed that carotenoids were well preserved 
under the operating conditions they tested.  
6.4.3 Shrinkage 
Shrinkage during drying is another valuable physical property, which can be linked to textural and 
quality attributes. Table 6.1 presents the shrinkage data of carrots at different drying temperatures 
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during the process. A significant decrease was observed in the volume of samples at all conditions. 
The results showed that there were significant differences, in most cases, between samples 
considering both drying temperature and duration (p < 0.05). Analysis of moisture content and 
shrinkage data showed a strong relationship between water evaporation and shrinkage during the 
drying process, which was also indicated by Krokida and Maroulis (2001). The high correlation 
coefficient (R = 0.988) confirmed the strong linear relation between moisture content loss and 
shrinkage. This result, the proportionality between the volume change and the amount of water 
removed, is in agreement with the findings of Aversa et al. (2012) on drying of carrots. Besides 
the volume change, shrinkage resulted in distortion in the shape and increased the hardness of the 
sample as will be discussed in viscoelastic properties (Goncalves, Pereira, Almeida, Freitas, & 
Waldman, 2017).  
6.4.4 Creep Behavior 
Figure 6.3 shows the creep compliance curves of carrots at three drying temperatures. The 
beginning part of all creep curves presented an instantaneous increase, representing elastic and 
retarded elastic deformation. Afterwards, the creep compliance values increased in a time-
dependent behavior at the region just before the curves reached a plateau due to the effect of 
retardation time. This part of the curves was responsible for the viscoelastic behavior of carrots 
(Ditudompo, Takhar, Ganjyal, & Hanna, 2013). Then, a constant region (the plateau) was observed 
for all drying time and temperature combinations, indicating viscous deformation of carrots. The 
compression in this region resulted in permanent damage by destructing the internal structure of 
the samples (Sandhu & Takhar, 2015). The creep (deformation) behavior of raw carrots was the 
lowest one since the samples were hard, firm, and compact before drying. However, although the 
dried samples had lower moisture content than the raw samples, they became soft, spongy, and 
flexible after 1h-drying as a result of the destruction of the structure with heat. Thus, creep 
compliance of 1h-dried samples were the highest. Additional drying made samples hard and 
compact again due to the high loss of moisture from the structure, and creep compliance decreased 
with time. These results show that creep behavior of carrots was highly dependent on the moisture 
content. Drying temperature also affected the creep compliance values of carrots. At the same 
drying time, the samples dried at a higher drying temperature presented lower compliance values 
since the higher temperature caused higher moisture evaporation.   
The experimental data from creep curves were fitted into Burger’s model using the nonlinear 
fitting. The result shows that Burger’s model provided a good representation of creep compliance 
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data of dried carrots with its high R2 (0.986-0.998) and low RMSE (0.141-0.841). The estimated 
parameters of the model, representing the effects of moisture content and temperature, are 
presented in Table 6.2. ôp decreased as temperature or drying time was increased, indicating lesser 
deformation and stiffer samples. Although there were fluctuations in retardation time (N62Ç) of 
other samples, the samples dried for 4 h and the raw samples presented higher retardation time. 
This shows that the viscoelastic behavior of these samples was retained for longer periods. The 
viscosity (ög) of samples got higher as drying temperature and duration was increased, meaning 
viscous structure as drying progressed.  
6.4.5 Stress Relaxation  
Since the applied force beyond the linear viscoelastic region can lead to irreversible changes in 
structure, first the linear viscoelastic region was determined. The linear viscoelastic region of 
carrots existed up to a strain level of 3% (R2 = 0.873 and 0.938 at 3 and 2.5% strain, respectively). 
Figure 6.4 shows the stress relaxation modulus, 1(L), of carrots for different drying times and 
temperatures. The relaxation curves showed a gradual decrease in relaxation modulus at all 
conditions, revealing that carrots showed viscoelastic behavior. The stress relaxation curves, 
except for the one for raw carrots, shifted upward as moisture content decreased, indicating 
relaxation modulus was highly dependent on moisture content. Fresh carrots exhibited the highest 
relaxation modulus values since they were hard and compact. However, relaxation modulus 
decreased to its lowest after 1h-drying since samples became soft and flexible at that time as 
discussed above under creep behavior section. Additional drying led to moisture loss and provided 
harder samples, and thereby resulted in an increase in relaxation modulus with time, which was 
also in agreement with the findings of Krokida et al. (1999). This can be attributed to the 
plasticization effect of moisture in food biopolymers. In addition to the plasticization effect of 
moisture, the glass transition might be another reason behind the significant jumps between the 
relaxation modulus values at the same drying temperature (Singh, Cushman, & Maier, 2003; 
Singh, Maier, Cushman, & Campanella, 2004). As can be seen in Fig. 6.4A, a big jump or a shift 
was observed between the relaxation modulus values of the samples with 1.07 and 0.65 kg 
water/kg solid at 50°C drying. Similar jumps were also detected for 60°C drying from 1.28 to 0.55 
kg water/kg solid (Fig. 6.4B), and for 70°C drying from 0.82 to 0.31 kg water/kg solid (Fig. 6.4C). 
The studies of Karmas et al. (1992), Georget et al. (1999), and Sablani et al. (2007) showed that 
the glass transition temperature of carrots increased from -5°C to 55-58°C when the moisture 
content was decreased from 88-89% to a lower level (around 3.5% on wet basis). Carbohydrates 
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comprise the majority of the dry matter in carrots, and they set the primary characteristics of 
carrots. Therefore, it is consistent for dried carrots to have a glass transition temperature around 
55-58°C, since the reported glass transition temperatures of some carbohydrates such as sucrose, 
glucose, and trehalose are between 30-100°C (Simperler et al., 2006). Since the drying 
temperatures used in this study were around the glass transition temperature, the transformation of 
the structure from rubbery to glassy state at low moisture content as a result of drying process 
might result in larger shifts in relaxation behavior (Ozturk & Takhar, 2018).  
The one-, two-, and three-element Maxwell modeling equations were fitted into the stress-
relaxation data using Gauss-Newton algorithm in nonlinear fitting, and the best fit was determined 
according to high R2 and low RMSE and BIC values. The results show that the three-element 
generalized Maxwell model fitted well to describe the viscoelastic behavior of carrots with its high 
R2 (0.9991-0.9999) and low RMSE (0.025 x10-4-2.08x10-4). In addition to these values, three-
element model presented the lowest BIC values, showing that it was not overfitted to data. The 
coefficients of the three-element Maxwell model are shown in Table 6.3. The residual component 
of the model, /g, presented an increasing trend as the moisture content decreased during drying. 
Yildiz et al. (2013) indicated that the elastic components of the Maxwell model (/p, />, and /q) 
could be used to express the elastic properties of a sample. The results showed that these 
components exhibited similar decreasing trends with an exception, which was observed in the /p 
component of 2h and 3h dried samples at 50ºC. Nevertheless, it could be concluded that the 
resistance of carrots against applied load increased during drying as the consequence of water 
removal. On the other hand, the relaxation time components (λp, λ>, and λq) at the same drying 
temperature showed fluctuations as moisture content changed, and no trend was observed. 
However, since moisture loss results in higher viscosity, the samples with lower moisture content 
were expected to absorb the energy within their structure, causing longer relaxation time (Yildiz 
et al., 2013). Three relaxation mechanisms were observed from the relaxation time data: one at a 
longer period (λp=93.79-194.09 s), one at a medium period (λ>=11.72-25.49 s), and one at a shorter 
period (λq=1.84-5.51 s). The calculation of Deborah number ()† = λ/Lg, Lg is the experiment 
duration) showed that the first relaxation time (λp) presented a viscoelastic response since it was 
close to one ()† ≈ 1) while the second (λ>) and the third (λq) reflected viscous behavior since they 




6.4.6 Frequency Sweep 
The storage (G') and loss (G'') moduli of raw and dried carrots at different drying conditions are 
exhibited in Figure 6.5 as a function of oscillation frequency. Both G' and G'' moduli values 
increased with the increase in frequency. However, their respective frequency dependence curves 
differed from one another although they presented curves with similar shapes. Similar findings 
were reported by Ditudompo et al. (2013) and Li et al. (2010) on cornstarch and potatoes, 
respectively. Frequency, the inverse of time (1/s), affects the deformation rate. The increase in G' 
at high frequencies can be attributed to storage of more deformation energy within the structure. 
Inversely, when frequency decreased, more energy was released from the system due to friction 
between molecules. Ditudompo et al. (2013) indicated the materials present glass-like properties 
at high frequencies when the temperature and moisture are low. In comparison, rubber-like 
behavior is observed for the materials with high moisture and temperature at low frequencies. 
The storage moduli values were higher than the loss moduli values for all samples. This indicates 
that the loss tangent values for the samples were lower than 1, meaning both raw and dried carrots 
showed a solid-like behavior. However, the loss moduli values continuously increased while the 
storage moduli values reached a stationary phase at high frequencies. The effects of drying 
temperature and duration were also investigated. The results showed similarities with the findings 
of creep behavior and stress relaxation. At the same drying temperature, raw carrots had the highest 
moduli values, followed by the samples dried for 4h, 3h, 2h, and 1h, respectively. On the other 
hand, the change in temperature was not as effective on moduli values and the samples presented 
similar values at different temperatures.  
6.5 CONCLUSIONS 
This study investigated the effects of various drying conditions on the physical and mechanical 
properties of carrots. Drying occurred in the falling rate period, showing that internal resistance 
limited water transport in the carrots’ matrix during the process, probably due to shrinkage effect. 
Color parameters (L*, a*, and b*) showed decreasing trends with increasing drying temperature 
and duration, especially the first 2 h of drying were found to be more effective on color. Drying 
caused a significant shrinkage in carrots and it was found that there was a strong correlation (R = 
0.988) between water evaporation and shrinkage during drying. The structural deformation and 
the loss of stiffness due to drying led to shifts in creep compliance and relaxation moduli curves, 
indicating both creep and relaxation behavior were highly dependent on moisture content. The 
storage moduli (G') values were higher than the loss moduli (G'') values for all samples, indicating 
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solid-like behavior. The findings of this research can be used to improve the textural attributes of 
carrots and carrot-based products. The results also can be utilized in mathematical models 
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Figure 6.1 Moisture content (A) and drying rate (B) at different drying temperatures: red-50°C, 
















Figure 6.3 Creep data for raw and dried carrots at different temperatures: A-50°C, B-60°C, C-







Figure 6.4 Stress relaxation data for raw and dried carrots at different temperatures: A-50°C, B-







Figure 6.5 Storage and loss moduli of raw and dried carrots at different temperatures: A-50°C, B-










Table 6.1 Moisture content, color parameters (L*, a*, and b*), and shrinkage data of dried carrots 
at different temperatures 









L* a* b* Shrinkage 
Raw - 7.52 ± 0.15a 43.95 ± 1.06a 32.80 ± 0.76a 38.33 ± 1.43a - 
50 
1 3.52 ± 0.08b 38.26 ± 0.81b 30.41 ± 1.12b 32.60 ± 1.39b 0.48 ± 0.04g 
2 1.85 ± 0.05e 33.88 ± 1.74cd 25.43 ± 0.98de 24.89 ± 1.04d 0.59 ± 0.03e 
3 1.07 ± 0.03fg 30.80 ± 1.45efg 23.84 ± 1.48ef 24.71 ± 1.01d 0.66 ± 0.04d 
4 0.65 ± 0.03h 28.07 ± 1.39hi 22.92 ± 1.14fg 23.68 ± 1.16d 0.73 ± 0.03bc 
60 
1 3.03 ± 0.07c 37.27 ± 1.42b 28.41 ± 1.02bc 28.87 ± 1.54c 0.52 ± 0.03fg 
2 1.28 ± 0.04f 33.29 ± 1.23de 23.69 ± 0.76ef 24.74 ± 0.72d 0.66 ± 0.02d 
3 0.55 ± 0.03hi 29.86 ± 0.99fgh 21.87 ± 0.37fg 21.06 ± 0.69e 0.72 ± 0.04bc 
4 0.29 ± 0.02ij 27.69 ± 1.59hi 19.60 ± 0.62hi 19.73 ± 1.09e 0.76 ± 0.03ab 
70 
1 2.22 ± 0.05d 36.47 ± 1.12bc 26.43 ± 0.96cd 27.46 ± 1.59c 0.56 ± 0.04ef 
2 0.82 ± 0.03gh 32.47 ± 1.59def 23.18 ± 1.50f 24.11 ± 1.93d 0.69 ± 0.03cd 
3 0.31 ± 0.02ij 29.19 ± 1.21gh 21.04 ± 1.61gh 20.61 ± 1.43e 0.75 ± 0.03ab 
4 0.13 ± 0.02j 26.42 ± 1.62i 18.42 ± 0.80i 18.56 ± 1.25e 0.80 ± 0.03a 
Note: The means and standard errors of seven, six, and eight replicates for moisture content, color 
parameters, and shrinkage, respectively. Different letters in the same column represent significant 










-1) •¶ß® (s) ©™ (Pa.s) £™ (μPa
-1) ´¨≠Æ ´Ø 
Raw - 6.267 0.693 45.125 0.00616 0.141 0.993 
50 
1 54.808 0.571 10.026 0.01348 0.841 0.996 
2 45.239 0.482 17.354 0.00247 0.428 0.998 
3 32.868 0.570 21.469 0.00789 0.498 0.996 
4 25.059 0.573 27.410 0.00281 0.284 0.998 
60 
1 48.555 0.603 10.507 0.01690 0.768 0.996 
2 37.655 0.545 18.176 0.00607 0.484 0.997 
3 30.689 0.505 24.834 0.00247 0.310 0.998 
4 11.362 0.750 27.888 0.01899 0.320 0.990 
70 
1 44.137 0.570 12.915 0.01036 0.649 0.997 
2 32.349 0.599 19.099 0.01191 0.568 0.995 
3 20.324 0.553 28.068 0.00389 0.276 0.997 










!"(MPa) #"(s) !$(MPa) #$(s) !%(MPa) #%(s) !&(MPa) '()! '$ 
Raw - 0.04630 150.66 0.02959 16.74 0.14740 2.42 0.02648 2.08x10-4 0.9998 
50 
1 0.00029 93.79 0.00052 17.05 0.00040 2.05 0.00064 5.30x10-6 0.9993 
2 0.00543 95.67 0.00187 23.17 0.00279 2.98 0.00263 1.00x10-5 0.9999 
3 0.00218 157.60 0.00307 14.21 0.00676 3.09 0.00425 1.16x10-5 0.9999 
4 0.02224 194.09 0.01622 18.90 0.06429 2.67 0.01166 8.02x10-5 0.9999 
60 
1 0.00076 110.20 0.00105 25.49 0.00187 4.36 0.00124 2.51x10-6 0.9999 
2 0.00119 123.00 0.00170 16.65 0.00605 2.51 0.00253 2.72x10-5 0.9991 
3 0.01869 141.10 0.00708 23.88 0.01952 5.51 0.00399 3.96x10-5 0.9999 
4 0.02316 95.30 0.01965 11.41 0.11335 1.71 0.02162 6.69x10-5 0.9999 
70 
1 0.00245 130.30 0.00143 14.85 0.00287 2.46 0.00093 6.43x10-6 0.9999 
2 0.00292 180.30 0.00278 14.47 0.00905 2.99 0.00399 2.10x10-5 0.9998 
3 0.02257 111.71 0.01897 12.95 0.11019 1.99 0.02131 7.71x10-5 0.9999 
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MULTISCALE MODELING OF MOISTURE TRANSPORT COUPLED WITH 
QUALITY CHANGES: VALIDATION AND SIMULATION RESULTS IN CARROTS 
DURING DRYING 
7.1 ABSTRACT 
The solution scheme proposed in Chapter 5 was used to predict the moisture transport in carrots 
during drying. The multiscale fluid transport equation was also coupled with quality attributes of 
carrots such that the changes in stress distribution, shrinkage, color parameters, and beta carotene 
content were determined. The model was validated with experimental drying profiles (R2≥0.891), 
color parameters (R2≥0.934), and shrinkage R2≥0.865). Drying at temperatures higher than glass 
transition temperature of carrots resulted in Fickian characteristics; round and smooth drying 
profiles for drying at 70℃. However, the drying in the vicinity of glass transition regime led to 
sharper moisture profiles, indicating non-Fickian transport. Higher temperature for a short time 
led to brighter and glossy color while beta-carotene content was well-preserved with lower 
temperature. The solved model would allow for a reduction in energy consumption and operational 
costs in plants through the adaptation of simulation results. 
Keywords: drying, carrots, moisture transport, hybrid mixture theory, glass transition, non-
Fickian 
7.2 NOMENCLATURE 
!"  water activity 
#$  relaxation parameter (m3s/kg) 
#%   Biot number 
&  Guggenheim’s constant 
'(  diffusion coefficient of the α-phase (m2/s) 
)*  apparent activation energy (J/mol) 
+  the correction factor related to adsorption heat of multilayer 
+,-.   the reference reaction rate constant for beta carotene degradation (1/s) 
+,/  the reaction rate constant for beta carotene degradation (1/s) 
0   moisture content (d.b.) 
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0*12  average moisture content (d.b.) 
03  moisture content on the surface (d.b.) 
4  the universal gas constant (J/mol.K) 
45  coefficient of determination  
406)  root mean square error 
7  temperature (ºC) 
7,-.  the reference temperature for beta carotene degradation (ºC) 
89   monolayer moisture content (kg water/kg solid) 
Greek symbols 
:(  the volume fraction of the α-phase 
;(   the density of the α-phase (kg/m3) 
<(>)  the stress relaxation function 
Superscripts 
@  solid phase 
A  water phase 
7.3 INTRODUCTION 
Although drying and its effects have been studied extensively, as presented in in Chapter 5, the 
vast majority of the modeling studies presented in the literature only use Fick’s law and ignore the 
impact of viscoelastic term in foods undergoing glass-transition (Ozturk & Takhar, 2018). 
Including this effect occurring due to glass-transition changes the Fickian transport to non-Fickian. 
Hybrid mixture theory (HMT)-based multiscale model developed and improved by Singh et al. 
(2003) and Takhar (2014), respectively, can be used for this purpose. Throughout this study, 
carrots were chosen as the representative product since they undergo glass transition during drying 
process.  
Organoleptic characteristics and nutrient composition, including high amounts of fibers and 
carotenoids, put carrots into a valuable place for the human diet, especially with the increased 
desire of modern populations to consume more products with high fiber and carotenoid content 
since they prevent cancer, lower cholesterol levels, decrease cardiovascular diseases, and improve 
antioxidant activity (Kumar, Sarkar, & Sharma, 2012; Xiao, Gao, Lin, & Yang, 2010). However, 
the high moisture content of carrots causes biochemical and physical deterioration over time, 
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making it difficult to retain carrots’ beneficial compounds and other quality attributes like color 
and appearance (Cao, Zhang, Qian, & Mujumdar, 2017). Therefore, it is necessary to process 
carrots to preserve the quality properties such as high nutrient content, pleasant appearance, and 
proper texture. In the food industry, hot air drying is still one of the most preferred techniques to 
maintain these desired properties due to its high production capacity, well-known drying 
mechanisms, and simplicity of the control (Szadzinska, Kowalski, & Stasiak, 2016). 
On the other hand, structural changes happen during the drying process, which directly affect the 
moisture transfer. As investigated by Georget et al. (1999) and Karmas et al. (1992), the glass 
transition temperature of carrots increased from -5°C to 55-56°C as the moisture content of the 
samples decreased from 89% to 3.5% (wb). Sugars and carbohydrates form the majority of dry 
matter in carrots; hence, they set the primary characteristics, especially on the boundaries since the 
moisture content quickly decreases at these regions during drying process. Therefore, it is 
consistent for dried carrots to have high glass transition temperature since the glass transition 
temperatures of some sugars such as sucrose, glucose, and trehalose were reported between 30-
100°C (Simperler et al., 2006). Since drying is performed around 40-80°C to minimize nutrient 
and color loss, glass transition is generally observed in most products during drying. For this 
reason, the transformation in the structure due to glass transition might influence the moisture 
transfer by affecting viscoelastic properties (Ozturk & Takhar, 2018). Therefore, the objective of 
this study was to estimate the moisture distribution in carrots, to investigate the stress distribution 
through the process, and to predict some quality attributes such as color, shrinkage, and beta 
carotene content by coupling the multiscale fluid transport equation of Singh et al. (2003) and 
Takhar (2014) with the experimental data presented in Chapter 6.    
7.4 THEORETICAL CONSIDERATIONS 
In this study, the solution scheme presented in Chapter 5 was used. Therefore, the derivation of 
the equations was not presented and only initial and boundary conditions, input parameters, and 
material and experimental properties used throughout the study are presented in the following 
sections.  
7.4.1 Initial and Boundary Conditions 
The moisture was assumed to be uniformly distributed inside the carrots initially. The initial 
moisture content of carrots (Daucus carota L.) was measured as 7.52 ± 0.15 kg water/kg solid. 
The initial volume fraction of water (:") was calculated as 0.89 using the relation in in Chapter 5. 
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For the assignment of boundary conditions, a constant moisture value was assumed on the surface 
since the air flow was so high (5.15 m/s) and sample dimensions (18 mm diameter x 4 mm 
thickness) were so small, which made the external resistance negligible according to Bi number 
calculation (Bi > 70508 >> 100). Therefore, the boundaries reached the equilibrium moisture 
content (EMC) immediately. Due to this fact, moisture content on the surface (03) was determined 
with the GAB model using the following equation and the values estimated by Kiranoudis et al. 
(1993) for carrots during desorption were used as presented below:  
																																																									03 =
89&+!"
(1 − +!")(1 − +!" + &+!")
																																											(7.1) 
where 89 is the monolayer moisture content (0.212 kg water/kg solid), & is Guggenheim’s 
constant, + is the correction factor related to adsorption heat of the multilayer, and !" is the water 
activity. Also, the following equations can be used to incorporate the effect of drying temperature 
into equation constants & and + (Kiranoudis et al., 1993):  








where &I and +I are constants (5.94x10-5 and 8.03x10-2, respectively). ∆O$ and ∆OR are functions 
of the heat of sorption of water (28900 and 5490 J/mol, respectively), 4 is the universal gas 
constant (8.314 J/mol.K), and 7 is the temperature (K).  
Finally, as mentioned in Chapter 5, the samples were assumed to be stress-free before the drying 
process, meaning stress magnitude was zero for carrots at the beginning (<I = 0).  
7.4.2 Input Parameters and Material Properties 
The material properties required to solve the fluid transport equations are listed in Table 7.1. Buhri 
and Singh (1993) reported the solid density of carrots (;3) and Zielinska and Markowski (2007) 
investigated the effect of drying temperature and moisture content on diffusivity of water in carrots 
('). Stress relaxation measurements conducted in Chapter 6 on carrots at different moisture levels 
and the coefficients of 3-element Maxwell model were reported. A master curve, which can 
express the relaxation behavior of carrots as a function of moisture content and temperature, was 
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created using their data. Then, eqn. (5.16) in Chapter 5, representing stress relaxation function, 
was fitted to experimental data. The coefficients obtained for carrots are listed in Table 7.2.   
In addition to these, #$ was determined as explained by Takhar (2011). The resistive forces as a 
result of the conformational changes in biopolymers can be represented by the generalized 
Maxwell model (eqn. 5.16). In the glassy state, the material presents an elastic solid behavior by 
reaching a constant <(>) value. So, in the glassy state, the flow slows and coefficient of diffusivity 
approaches to zero (' − #$< → 0), which means #$ can be estimated from the relation between 
diffusivity and stress term (#$ → '/<). Carrots are expected to be in the glassy state around 55-
56℃ at very low moisture content (~3.5% on wet basis) (Georget et al., 1999; Karmas et al., 1992). 
So, the calculation was done at 50℃ to make sure they were in the glassy state and the relaxation 
parameter (#$) was found to be 5.32x10-13 m3s/kg for carrots. 
7.4.3 Experimental Properties for Quality Attributes 
According to the literature, β-carotene degradation follows the first order reaction, which can be 
coupled with an Arrhenius type of equation. So, the β-carotene estimation in the model can be 
expressed as a function of temperature. The review of Colle et al. (2016) presented the kinetics of 
β-carotene degradation and they used the first order kinetic model for carrots as follows: 
																																																																								[X] = [XI]Z[\(−+,/>)																																																				(7.4) 
where [X] is the β-carotene content at time >, [XI] is the initial concentration of β-carotene, and 
+,/ is the reaction rate constant. According to Arrhenius law, the reaction rate constant can be 
quantified by the activation energy ()*) as follows:  










where +,-. is the reaction rate constant at a reference temperature, 7,-. is the reference 
temperature, and 4 is the universal gas constant. Colle et al. (2016) reported +,-., 7,-., and )* as 
0.018 (min-1), 125ºC, and 39 (kJ/mol), respectively. The initial β-carotene content in carrots was 
taken as 69.2925 mg/100 g solids by taking the average of two results reported at different studies 
in the literature (H. E. Chen, Peng, & Chen, 1996; Sulaeman et al., 2001). 
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Lastly, the experimental color data in Chapter 6 as a function of drying temperature and time was 
converted into equations to use in the model to estimate the color parameters during the process. 
These equations are presented in Table 7.1.  
7.5 SOLUTION METHODOLOGY  
Since the data presented in Chapter 6 was used for the validation of the model, the same geometry 
was created in COMSOL Multiphysics (version 5.3a) for carrots. Also, due to symmetric condition 
for this type of geometry, 2D axisymmetric geometry with 9 mm radius and 2 mm thickness was 
defined for simulations as presented in Fig. 7.1. The geometry created can be thought of as the 
quarter of the actual carrot cylinders in experiments, which saves computational time. The mesh 
containing 2400 domain elements and 200 boundary elements was of the mapped type with denser 
elements towards the edges since the boundaries are expected to be affected immediately due to 
the higher temperature and the evaporation of moisture at these regions. The simulations were 
performed using a MacBook Pro with 2.7 GHz Intel Core i7 and 16 GB RAM. The relative 
tolerance and absolute tolerance were selected as 0.01 and 0.1, respectively. The step size was 
determined as a time not exceeding 5 s, which allows capturing the effect of viscoelastic relaxation 
on moisture diffusion as discussed in the theoretical consideration section. The data was saved 
every 30 s and was exported to R (R Core Team, 2016) for the calculation of the coefficient of 
determination (R2) and the root mean square error (RMSE) to compare the experimental and 
simulation results.   
7.6 RESULTS AND DISCUSSION 
7.6.1 Validation of Model Predictions 
For the validation of the model, the average moisture content data predicted by simulations was 
compared to the experimental data presented in Chapter 6 conducted at three different drying 
temperatures (50, 60, and 70℃) as shown in Fig. 7.2. The following equation was used to calculate 
the average moisture content (0*12) from the data predicted by simulations at different spatial 





The plots in Fig. 7.2 show that there is a good agreement between the model and experimental data 
according to high coefficient of determination (R2 > 0.891) and low root mean square error (RMSE 
< 0.579) as presented in Table 7.3. This agreement indicates that the model is capable of 
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determining moisture content distribution of carrots very well. The predictions were less accurate 
at low temperatures; however, the model presented closer results when the drying temperature 
increased. This difference might be due to the effective diffusivity equation taken from the 
literature Zielinska and Markowski (2007). After the validation of the model, different analyses 
on the model results were performed to show moisture and stress distributions as well as changes 
in color parameters, volume, and β-carotene content throughout the carrots.  
7.6.2 Moisture Distribution 
The simulations were performed at three different drying temperatures (50, 60, and 70 ºC), similar 
to the experimental study presented in Chapter 6. However, only the images showing 2D and 3D 
moisture profiles at 50 ºC after 0, 2, and 4 h drying were presented in Fig. 7.3 as example images. 
As drying continued, the moisture content of carrots decreased from 7.52 on dry basis. 
Consequently, the samples shrank due to moisture loss. The rectangular part in the 2D images and 
the cylindrical boundary in the 3D images in Fig. 7.3 show the original shape of the carrots. Due 
to shrinkage, the volume of the samples became smaller over time (the colored part in Fig. 7.3), as 
represented in the model with the moving boundary equation relating Eulerian and Lagrangian 
coordinates. The center of the carrots presented the highest moisture content while the regions near 
the boundaries were observed to have the lowest values since moisture evaporation immediately 
occurred in these regions. On the other hand, the internal resistance throughout the structure 
slowed down the moisture transport inside the carrots. Therefore, the drying profiles presented in 
Fig. 7.2 exhibit only the characteristics of falling rate period without any indication of constant 
rate period as also indicated by Doymaz (2004) and Zielinska and Markowski (2007). As drying 
progressed, moisture distribution became more uniform throughout the structure due to moisture 
diffusion from the center to the surface over time.  
In addition to 2D and 3D images, the moisture distribution figures showing how the moisture 
content changes along the radial direction for specific time points were plotted (Fig. 7.4) for every 
drying temperature. The moisture transport characteristics of carrots can also be predicted from 
these plots. Singh et al. (2004) and Takhar (2008) indicated that Fickian type of moisture diffusion 
is commonly observed if the material is sufficiently far from the glass transition regime. However, 
if the material goes through glass transition or reaches the vicinity of glass transition during the 
process, moisture transport follows non-Fickian characteristics. Georget et al. (1999) and Karmas 
et al. (1992) reported that the glass transition temperature of carrots increased to 55-56°C when 
their moisture content decreased to a lower monolayer moisture level (~3.5% on wet basis). 
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Therefore, carrots dried at higher drying temperature (70°C) remained in the rubbery state almost 
during the complete process except for the boundaries and consequently drying profiles at 70°C 
presented Fickian characteristics like round and smooth profiles. However, as the drying 
temperature decreased to lower levels (50 and 60°C), the distribution plots exhibited sharper 
profiles since carrots approached glass transition regime. The glass transition bands plotted in Fig. 
7.4 show the depression trend of glass transition band as a result of change in drying temperature 
and moisture content. If the drying process continued for longer duration at 50 and 60°C, the whole 
sample would probably undergo glass transition, which affects the mechanical and textural 
properties that are related to crispiness, brittleness, and hardness of the final sample. Takhar et al. 
(2011), Singh et al. (2004), and Achanta et al. (1997) observed similar behaviors on corn, 
soybeans, and gels containing corn starch and wheat gluten, respectively.  
7.6.3 Stress Profile 
The stress distribution profile of carrots along radial direction was investigated with the model as 
presented in Fig. 7.5. In the beginning, the carrots were assumed to be stress-free. At all drying 
temperatures, the surface moisture content of carrots was lower than 0.1 g water/g solid, which 
means the spatial points near the surface were in the vicinity of glass transition regime. However, 
the spatial points toward the center were in the rubbery state since the moisture content in this 
region was still high. For a given drying time, the magnitude of stress was higher at the boundaries 
due to faster drying rates in these regions since moisture evaporation first occurred at the surface, 
which resulted in shrinkage and, in turn, deformation. As the drying progressed, the magnitude of 
stress started to increase throughout the sample due to compression, which resulted in higher stress 
magnitudes at the center. However, magnitude remained highest on the boundaries due to higher 
deformation at the surface. If drying was allowed to continue until the equilibrium moisture content 
was reached throughout the sample, the viscoelastic stress would eventually attain a uniform value 
all over the sample due to a complete structural transformation from the rubbery to the glassy state, 
especially for drying at 50 and 60°C, as discussed in the previous section.  
The stress distribution shows fluctuations on the boundaries as can be seen in Fig. 7.5. This 
fluctuation might be due to stress data used throughout the simulations. In Chapter 6, it was shown 
that the stress relaxation data presented first a decreasing and then an increasing trend as the 
moisture content of the samples decreased. They explained that although the raw samples exhibited 
the highest modulus values due to their firm structure, drying caused lower modulus values since 
it changed the firm structure to softer and flexible one. However, when the drying proceeded, the 
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loss of moisture and possible case hardening on the surface due to the high temperature at these 
regions led to an increase in relaxation modulus data. Therefore, at the boundaries where the 
moisture content decreased immediately, stress distribution showed a fluctuation due to quick 
changes in stress distribution data in these parts of carrots. The experimental and the model data 
showed similar results. 
7.6.4 Color Parameters 
The predicted values of color parameters were compared to the experimental data reported in 
Chapter 6 for validation purposes. Fig. 7.6 presents the comparison between these values for all 
color parameters at different drying temperatures. The high R2 (0.934-0.995) and low RMSE 
(0.165-1.877) values as presented in Table 7.3 show that the model is reliably able to predict color 
parameters. However, the data presented in Fig. 7.6 only shows the surface color of carrots as a 
function of drying conditions. Considering the changes occurring in the structure during the 
process, such as non-uniform moisture content and shrinkage effect, color parameters also change 
throughout the structure since uniform drying is not possible. Therefore, the distribution of color 
parameters is also important for a complete analysis in addition to surface color. Fig. 7.7 presents 
the color distribution along the radial direction at different time domains. Since the trends were 
similar, only the color parameters of the sample dried at 50°C is presented in this figure as an 
example. The color parameters (L, a, and b) showed a decreasing trend over time. However, the 
decrease reflected itself very quickly on the boundaries since moisture content decreased 
immediately as a result of higher drying rate in these parts. On the other hand, especially at the 
beginning, the spatial points toward center presented higher values for all color parameters. The 
lower values at the surface of the samples can be associated with higher temperature at the surface 
which might cause case hardening and the degradation of color components in these regions very 
quickly. The rapid decomposition of α- and β-carotenoids, shrinkage, and oxidation of ascorbic 
acid might result in changes in color parameters (Aversa, Curcio, Calabro, & Iorio, 2012).  
7.6.5 Shrinkage 
Experimental and predicted shrinkage values were compared to see how accurately the model 
estimates the volume change over time since the volume of water lost from the structure was 
assumed to be equal to the shrinkage without considering the structural factors. For this reason, 
the experimental shrinkage data presented in Chapter 6 was compared to predicted shrinkage data 
as presented in Fig. 7.8. A good agreement was observed between the results, which indicates that 
the moving boundary equation works very well and the assumption relating shrinkage and water 
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loss was acceptable (R2 > 0.865, RMSE < 0.009). The moving boundary was defined according to 
moisture loss equation in the model, which assumed that the amount of water loss from a 
differential volume is equal to the amount of its shrinkage. Since other factors also play roles in 
shrinkage, the experimental shrinkage values were slightly lower than predicted values. The 
difference might be due to the formation of pores when transport becomes unsaturated, which was 
not considered in the model estimation. Additionally, since the closed pores cannot be measured 
with liquid displacement method as presented in Chapter 6, the experimental data might present 
lower values than the simulation result. 
7.6.6 β-carotene Content 
The β-carotene content of carrots was estimated with the model using equations from the literature 
as presented in section 7.4.3. As already investigated by many researchers, β-carotene degradation 
follows the first order reaction and the first order equation can be coupled with an Arrhenius type 
of equation to include the effect of temperature. Fig. 7.9 shows how β-carotene content of carrots 
changes over time when they are dried at 50, 60, and 70ºC. The model result showed that β-
carotene content of carrots decreases over time when they are subjected to heat due to degradation 
of the components. Carrots almost lost 24% of their β-carotene content at the end of the process 
(after 4h) at 50ºC according to the model estimation. The decrease was higher at higher drying 
temperatures: 35% and 48% loss at 60 and 70ºC, respectively. The calculated D-values of β-
carotene degradation for each drying temperature are as follows: 16.367 h at 50ºC, 11.758 h at 
60ºC, and 8.875 h at 70ºC. Chen and Huang (1998) reported very similar reaction rate for the 
degradation of β-carotene, which resulted in a similar degradation curve. The only difference 
between these studies is that the initial concentration used in their study was higher than in the 
current study since they investigated the degradation profile of β-carotene on a model system. 
Also, Borsarelli and Mercadante (2010) indicated that blanching of carrots at high temperatures 
(~100ºC) caused higher losses (26-29%).  
7.7 CONCLUSIONS 
Good agreements were obtained between the experimental and the predicted values of moisture 
content, color parameters, and volume changes as represented with high determination of 
coefficient (R2) and low residual mean squared error (RMSE). The model is capable of determining 
moisture distribution and quality attributes over drying duration. Carrots underwent glass 
transition at lower drying temperatures, which resulted in non-Fickian transport (sharper profiles), 
while higher drying temperatures led to Fickian type of transport (round profiles) since the samples 
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remained in the rubbery state during the process. Drying temperature and duration caused different 
effects on color parameters, β-carotene, and shrinkage of carrots. The first two hours of drying had 
an especially significant impact on the decline in color parameters such that almost 60-70% of the 
changes in color parameters was observed in this period regardless of drying temperature, which 
means drying duration had a greater effect on color. Therefore, drying at a high temperature for a 
short time might result in samples with glossy and brighter color characteristics and lower moisture 
content for the final product. On the other hand, the effect of temperature was much more 
significant on β-carotene content of the final product. Although the lower drying temperature 
required longer drying duration to reach a certain moisture level, it led to higher β-carotene content 
compared to higher drying temperatures. So, lower drying temperatures can be suggested for the 
retention of β-carotene of the product containing carrots. Also, higher drying temperature due to 
faster drying rate results in greater shrinkage and deformation, which might lead to cracks and 
openings through the structure and faster decreases in quality attributes. In conclusion, the solution 
of drying model would allow determining the optimum drying conditions to obtain improved 
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Figure 7.4 Moisture content distribution of carrots from center to surface at A- 50 ºC, B- 60 ºC, 








Figure 7.5 Stress distribution of carrots from center to surface at A- 50 ºC, B- 60 ºC, C-70 ºC. 








Figure 7.6 Comparison to experimental data for surface color parameters of carrots at A- 50 ºC, 








Figure 7.7 The distribution of color parameters in carrots from center to surface at 50ºC (A- 








Figure 7.8 Comparison to experimental data for shrinkage of carrots at 50, 60, and 70 ºC  
 
 




Table 7.1 Material properties used throughout the simulations  

















838.466 + 1.4017 − 3.011[10gj75 + 3.718[10gh7j 




at 50 ºC 
k = 25.58 + 4.8190 − 0.317005	(45 = 0.995)	
! = 20.19 + 3.736M − 0.2729M5	(R5 = 0.988)	






at 60 ºC 
k = 27.26 + 4.3290 − 0.281505	(R5 = 0.999) 
! = 19.06 + 3.9860 − 0.287505	(R5 = 0.993) 






at 70 ºC 
k = 26.97 + 5.5020 − 0.431905	(R5 = 0.995)			 
! = 19.04 + 4.2390 − 0.320905	(R5 = 0.994) 








Table 7.2 Stress relaxation parameters for eqn. (5.16) determined by fitting data in Chapter 6 
Property Equation or value 
Stress coefficients, p9 (MPa) 
(see eqn. (5.16))   
pq = 0.022947I (7 + 273)⁄ (0I 0⁄ ) 
p5 = 0.020637I (7 + 273)⁄ (0I 0⁄ ) 
pj = 0.15767I (7 + 273)⁄ (0I 0⁄ ) 
ps = 0.014347I (7 + 273)⁄ (0I 0⁄ ) 
pt = 0.0091287I (7 + 273)⁄ (0I 0⁄ ) 
p- = 0.0064387I (7 + 273)⁄ (0I 0⁄ ) 
Relaxation times, u9
v (s) (see 
















!w exp(7.714(0 −0I) + 0.3668) 
!x exp(0.55(7 − 7I) − 0.01667) 











L a b Shrinkage 
50 
R2 0.891 0.995 0.988 0.965 0.865 
RMSE 0.579 0.165 0.179 1.149 0.009 
60 
R2 0.914 0.953 0.966 0.964 0.922 
RMSE 0.514 1.561 0.768 1.618 0.006 
70 
R2 0.947 0.934 0.945 0.961 0.939 
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OVERALL CONCLUSIONS AND FUTURE DIRECTIONS 
This study summarizes the effect of glass transition phenomenon in water transport and stress 
development, the effect of drying conditions on physical and viscoelastic properties of various 
products, and the importance of modeling to compensate for the limitations of experimental 
studies. The experimental parts conducted through this study showed that not only the 
measurements at the end of the process but also the measurements as process progresses provide 
significant information about the processing conditions and the quality of the final product. As 
sorption and drying are complex processes, the experimental works are not fully capable to 
estimate the changes in moisture content and quality attributes throughout the structure for every 
experimental condition, including variations in dimensions, geometry, temperature, duration, etc. 
On the other hand, a modeling approach can provide plentiful data and compensate for the 
limitations of experimental procedures. The hybrid mixture theory based multiscale modeling used 
in this study showed that various quality attributes such as color parameters, volume change, and 
nutrient content can be estimated in addition to moisture and stress distribution. The model was 
validated with the experimental results and good agreements were obtained in terms of moisture 
content, shrinkage, and color parameters. Also, the simulation can overcome the limitation of 
experimental studies regarding analyzing a specific property at a specific point (color 
measurement, for example, only on the surface) by estimating the properties throughout the sample 
as a function of desired parameters. The model clearly showed the importance of the state of the 
material (glass, rubbery or glass transition), which changes at different spatial locations during the 
process due to the variation in moisture distribution throughout the sample.   
In conclusion, this model framework provides a good guidance for understanding the drying 
process and the effect of glass transition and relaxation behavior on moisture transport and 
optimizing the processing conditions. 
For future studies, unsaturated transport equations can be used instead of saturated ones to improve 
the accuracy of the predictions, especially on shrinkage. Also, different quality attributes can be 
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